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Abstract. Mechanisms generating periodically variable rotation of the output link
(monotonous displacement functions) can be divided into two groups. The mechanisms
of the first group generate only strict monotonic functions (without prolonged and even
instantaneous dwell of the output link). The second group of mechanisms generates
non-strict monotonic functions (with a prolonged or instantaneous dwell of the output
link).

This study focuses on functional generator mechanisms with a six-bar topological
structure, which are a combination of a cam and lever mechanism.

An original structure of a jointed cam-lever mechanism is proposed, designed to
generate strict and non—strict monotonous displacement functions.

The mechanism’s kinematic and dynamic characteristics depend on the displacement
function type and parameters, or its derivative transfer functions, i.c., on the given law of
motion. Laws without a finite or infinite jump (acceleration break) in the second transfer
function, or the output acceleration, are preferred. For this purpose, known functions can
be used, or functions suitable for the target proposition can be composed.

A law of motion was chosen that is per the requirement for resetting the output
velocity, acceleration, and its derivative (jerk) for the boundaries of the output link dwell
interval. This is recommended for the synthesis of high-speed cam-lever mechanisms
on many technological machines.

A rational mathematical model has been developed, based on elements of differential
geometry, for the synthesis of planetary cam-lever mechanisms with a six-bar topological
structure and a common geometric axis of rotation of the input and output links.

An example is presented that illustrates the overall process by which a mechanism
with the indicated structure was synthesized and which verifies the derived mathematical
model.
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1. Introduction

When designing machines and technical devices with a continuous production
process, it is increasingly necessary to synthesize mechanisms for generating
monotonic functions for converting uniform rotation into periodical unidirectional
uneven rotation when solving several groups of technical problems. One of them is
a constant angular velocity drive at the input and temporary dwell of conveyors and
conveyor belts, according to the requirements of a certain technological process.

Mechanisms generating rotational periodic rotation of the output link
(monotonous displacement functions) can be divided into two groups. The
mechanisms of the first group generate only strict monotonic functions (without
prolonged and even instantaneous dwell of the output link). Double-crank four-bar
linkages and slotted link mechanisms with full rotation of the flat-face (also known
as slotted-link) generate approximately specified, strict monotonic displacement
functions [1, 2, 3], unlike mechanisms with non-circular gears [4, 5].

The second group of mechanisms generates non-strict monotonic functions
(with a prolonged or instantaneous dwell of the output link). This group includes
mechanisms with periodical output rotations of the output link in a finite interval of
the input rotation (Maltese cross, ratchet, anchor, and other types of mechanisms)
[6]. Changes in accelerations with jumps, or inertial load, are avoided by some
combined mechanisms involving a cam mechanism [7, 8].

This study focuses on functional generator mechanisms with a six-bar topological
structure, which are a combination of a cam and lever mechanism.

The aim is to compile a rational mathematical model, based on elements of
differential geometry, for the synthesis of cam-lever mechanisms with a general
geometric axis of rotation of the input and output links.

The choice of the law of motion that pursuant with the requirement for resetting
the output velocity, acceleration, and its derivative (jerk) for the dwell of the output
link dwell interval, which is recommended for the synthesis of high-speed cam-
lever mechanisms on many technological machines [9, 10, 11, 12, 13].

2. Structure and mathematical model for mechanism synthesis

An original structure of a jointed cam-lever mechanism is proposed, designed
to generate strict and non—strict monotonous displacement functions (Fig.1). The
mechanism consists of a jointed parallelogram OABC with a double base joint O,
connecting the input link of length a, and the output link of length 5. Diagonally
to the base center is situated the center B of a roller with radius », which contacts
a fixed cam. For each position, a conditional link can be introduced connecting
the center B with the corresponding center of curvature B of the cam profile ¢,
resulting in a six-bar topological structure formed by two sequentially connected
four-bar linkages O4BB, and B BCO.
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Figure 1. Cam mechanism combined with a jointed parallelogram

The input and output coordinates are the angles ¢ and ¢, relative to the x-axis,
respectively. In its initial position, the configuration of the jointed parallelogram
is rectangular, with the input link O4 making an angle 90° with the x axis. So
@, =0.57 + ¢, , where the initial value of ¢, is ¢, = 0. The dependence @, =@, (¢,)
represents the displacement function of the mechanism, and its derivatives
o, =dgp, | dp, and @] =d*@, | dp’ are the first and second transfer functions of the
mechanism, respectively. These functions determine the pitch curve ¢, of the cam, its
profile ¢, and their general evolute, which is the problem of the mechanism synthesis.

The synthesis of the cam profile is performed with a predefined or accepted
function of the mechanism displacement ¢, =¢,(¢,), its derivative transfer
functions ¢; =de, /de,, ¢j=d’ @, / dp., and the lengths a and b of the levers of
the jointed parallelogram OABC.

The pitch curve ¢, of the cam is determined by the coordinates of the center B as
a function of the entrance angle ¢ :

0 {xB =a cosg, +b cosp,(p,);

yp =asing, +b sing, (p,).

The first derivatives of the coordinates from equation (1) to ¢, are necessary to
determine the angles of force transmission in the mechanism, and together with
their second derivatives, to determine the evolute of the cam profile. For the firsts
and seconds derivatives of the coordinates, we get:
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X, =—asing, —bg,sing,(p,) ;
2) 17 '
v, =a cos@, +bp,cosp,(,) ;

3) { =—a cos@, —b(@, sing, +(p};2 cos@,) ;

Vi =—asing, +b(g] cosp, — ) sing,) .

The angles of motion transmission y, and y, to the centers B and C, respectively,
largely determine the force conditions under which the cam-lever mechanism
operates. Using well-known formulas from differential geometry, the angular
coefficient of the tangent to the pitch curve ¢, and the angles of motion transmission
are determined:

@)k—,;
Xp
+kyk,
5 = |arct b
() 7 =|arerg 2
k,—k
6 = |arct b
(6) 7e =|arete 722k
where

(7 k,=18p,;  ky=1gp,(p,)

The longer the dwell interval, the smaller the values of y, and y. This is
especially true for y,, which can reach unallowable small values.

Therefore, fromahinged parallelogram one canmove to a four-bar linkage (Fig. 2),
in which the sides OA4 and OC retain their lengths a and b, respectively, while the
side AB accept a value of /,, > b (for example with 30% to 50%) and for the side
BC the length [, .= a is accept. Thus, the mathematical model for determining the
coordinates of the center B will take the form:

p =acosg, —1, cos(a+fB+q,);
(8) { AB

yp=asing, =1, sin(la+pL+¢,) ,
where

228



Differential Method for Synthesis of Cam-lever Mechanisms for Generation of...

d = \/az +b* —2ab cos(@, — @)

b sin(p, —,) .
d
L=l +d*)

= arccos-28
p 21,d

(9) Ja=arcsin

>

>

Figure 2. Cam mechanism combined with a four-bar linkage

The cam profile ¢, is the equidistant of the pitch curve c,, located at a
distance » (tlhe radius of the roller) along the normal » with an angular coefficient
k,=—(k) :

r.signk rk signk
(10) xG:xBiLZ”; J’G:)’Bin—gzn'
NJ1+k; «/1+kn

The “+” and “-” signs in equations (8) correspond to the outer and inner cam
profiles relative to the roller. The curve of center of a machining tool can be
determined from equations (8) by replacing r with r - r, where r, is the radius of the
machining tool.
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The radius of curvature of the curve of center p, and the cam profile p are
determined by a well-known formula from differential geometry:

+
(11) V(XBV’/ y?)”’ pG:pBir'
BYp T VpXp

Their common center of curvature

[ yB (xB + ¥y )
By — BT ' s
(12) ! XpVp + VpXp
Xp (xB + V5 )
Yo, =Vet o
‘ XgVp + VpXp
determines their common evolute ¢ when x , y, and their derivatives are functions of
the angle ¢ .
a

3. Choice of the law of motion of the output link

The mechanism’s kinematic and dynamic characteristics depend on the displacement
function type and parameters, or its derivative transfer functions, i.e., on the given law
of motion. Laws without a finite or infinite jump (acceleration break) in the second
transfer function, or the output acceleration, are preferred. For this purpose, known
functions can be used, or functions suitable for the target proposition can be composed.

According to the technological process, the intervals of uniform rotation of the input
link and dwell of the output link 3 are determined. In the range of motion of the output
link, the engineer must select an appropriate output rotation law. It is possible to choose
an output rotation function with high-order osculation towards the x-axis in the entire
interval of the input coordinate ¢ , which practically leads to a prolonged dwell of the
output link. In the article, the authors present this possibility

The displacement function of the output hnk Py = @y (%) and 1ts derivative transfer
functions @, =dg, /dep,, ¢, =d’p,/1dg., ¢, =d’p,/dp, are conveniently
described by the normalized function u(¢) and its derivatives

@, =27 u(S),
ng' :u’(g)’
13§ g =L@,
2z
" 1 "
(Db :Fu (é)?
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Shock-free operation of the mechanism can be achieved by means of polynomial
u(£) €[0, 0.5] of exponent 4-5-6-7 in the interval ¢, [0, 7], resp. &[0, 0.5].
Such a polynomial and its derivatives are shown below

u(E) =358% —84&5 +70£° —20&7,

u'(§)=140(5" -3¢* +3£° - &°),

u'(£) =420(& -4 +5¢1 =28,

u"(£)=840(& - 6&7 +10&° —5&%)

which are taking a value of zero until the third derivative at £ =0, respectively

* =0. The following extremum values are obtained u/ =2.188, u’ =7.513,

?,
ul. =—7.513,u" =42, u". =-52.5, respectively to u'(§), u"(£) and u"(&).

min max

(14)

Fig. 3 presents the functions (13) at ¢, €[0, 7], and in the interval & €[0,—-0.5]

A ’

respectively @, €[0, — 7] the following relations are used: @, =~ @> @, =Py ;

"

_ ”‘ ’"_ " .
Py =P 2 =D

61 P op' 0" @b Dy

5_

4 4

3_ !

5 2

b P

a

0 T T =

14 90 180 270 360[°]
2 (Db'” gob”

Figure 3. Displacement function and derived transfer functions

Example. To synthesize a mechanism of the considered type for driving a
conveyor with appropriately chosen values ¢ =200 mm, » = 100 mm, » = 30 mm.

From equations (11) and a choice normalized polynomial and its derivatives (14),
the displacement function of the output link ¢, =@, (¢, ) and its derivative transfer
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functions @, =dg, /de,, ¢, =d’e,/dp,’, ¢, =d’p,/dp,’ are determined
(Fig. 2).

From equations (1) the pitch curve ¢, is determined (Fig. 1). From equations (2)
and (3) the derivatives X}, y,,xy, v, are determined. After determining from (4)
the angular coefficient &, of the tangent to the pitch curve ¢, from (5), (6) and (7) the
angles of motion transmission y, and y,. are determined (Fig. 4). The synthesis ends
with the determination of the cam profile c . and its evolute € according to equations
(10) and (12), respectively.

The kinematic diagram of the synthesized mechanism is shown in Fig. 1.

The dwellintervalis ¢, = 10° atadeviation of |A§0,,| =1.107 and @upey = 15°
at a deviation of |Ag,|=1.10"*. The dwell time is approximately 1/36 and 1/24 of the
entire geometric period ¢, =27(360°) of the mechanism, respectively.

Graphs of the motion transmission angles determined by equations from (4) to
(7) are presented in Fig. 4.

80° /\
A/,
JANP/IAND
NN

Vol WV,

90° 180° 270° 360°

0
Figure 4. The angles of motion transmission y, and y,.

Conclusion

This study focuses on functional generator mechanisms with a six-bar topological
structure, which are a combination of a cam and lever mechanism. The lengths of its
links are determined by requirements for maximum sizes, according to the purpose of the
mechanism, as well as by the influence of the b/a ratio on the curvature the curve of center
of the cam. The smaller the ratio b/a, the smaller the variation in the curvature the curve
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of center. But the reduction in length 4 is limited by design considerations related to the
sizing of the bearing assemblies of the mechanism and the radius 7 of the roller.

Alaw of motion was chosen that is per the requirement for resetting the output velocity,
acceleration, and its derivative (jerk) for the boundaries of the output link dwell interval.
A rational mathematical model has been developed, based on elements of differential
geometry, for the synthesis of planetary cam-lever mechanisms with a six-bar topological
structure and a common geometric axis of rotation of the input and output links. This
makes it possible to fully reveal the geometry of the cam mechanism, the pitch curve
of the roller and of various machining tools, the angles of motion transmission, and the
common evolute of the cam profile.

The presented example illustrates the overall process by which mechanisms with
the indicated structure are synthesized and proves the correctness of the developed
mathematical model.
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Abstract. The functional approach (method) for structural-dimensional synthesis
of mechanisms has been applied for type synthesis of guidance mechanisms with a
four-bar topological structure. According to the method, their typological structures are
synthesized by superimposing a three-bar conditioned open kinematic chain, including
a base (fixed link), an initial and an end link, with a control functional generator
mechanism of a different type, kinematically connecting the base, with the end link of
the chain at a relative stand the initial link.

The type synthesis also includes a possible replacement of some links and the
kinematic lower pairs assigned to them in the structure of the mechanism, with profiled
kinematic higher pairs. This completely determines the type of mechanism. In this sense,
a topological structure of a mechanism with kinematic higher pairs means that these
pairs are reduced to kinematic lower pairs. Thus, guidance cam mechanisms with two
moving links, after kinematically replacing the cam pair with two kinematic lower pairs,
have a four-bar topological structure, as do the mechanisms analysed in this article.

The purpose of this study is to apply the functional method for structural-dimensional
synthesis of mechanisms for type synthesis of guidance planar mechanisms with a four-
bar topological structure, including a three-bar conditionally open kinematic chain and
a control functional generator mechanism of a different type.

A type systematics of guidance planar mechanisms with a four-bar topological
structure was carried out in two stages: determination of the types of three-bar
conditionally open kinematic chains; determination of the types of control functional
generator mechanisms. Guidelines/Directives are given for the preliminary and final
determination of the type structure of a guidance mechanism before the engineer
proceeds to its dimensional synthesis.

Keywords: type synthesis; topological synthesis; cam mechanisms

1. Introduction
The terminology used in publications related to the synthesis of mechanisms
is not unambiguously stated (unalterable). Researchers [1, 2], mostly European,
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divide the synthesis of mechanisms into two stages: 1) structural synthesis, including
the selection of a structural diagram of the mechanism, which clarifies the type of
mechanism, the number of links and kinematic pairs, their type, and alignment;
2) kinematic synthesis, in which the geometric parameters of the mechanism diagram in
its project position are determined according to given geometric and kinematic conditions.

Sandor and Erdman [3] divide the field of mechanism synthesis into two
categories: 1) fype synthesis, in which a presumed type of mechanism is
determined (lever, cam, gear, or other type) and includes the subcategory of integer
(Diophantine, number) synthesis [4, 5]; 2) dimensional (dimensioning) synthesis,
in which the mechanism diagram is dimensioned [6]. The terms dimensional and
kinematic synthesis are often seen as synonyms [7]. Kinematic synthesis is often
complemented by dynamic synthesis under given dynamic conditions.

In integer synthesis, the configurations of mechanisms are defined topological,
but not dimensional. Therefore integer and topological synthesis are perceived as
synonyms. In topological synthesis, topological structures of mechanisms are built,
determined by the number of their links, the number of their kinematic lower pairs
(without distinguishing between rotating and sliding), and their alignment [6, 7, §].
These structures are represented as non-dimensional lever mechanisms with only
kinematic lower pairs.

Methods for generating topological kinematic structures of mechanisms can be
divided into four types [9], based on: — the groups of Assur [1]; — closed kinematic
chains in Franke and Gruebler notation [10]; — closed kinematic chains in graph
notation [11]; — combinations of the above methods [12].

Type synthesis is usually identified with the systematization (classification) of
mechanisms. Instead of type synthesis, the term typological synthesis is often used.
Most authors consider fopological synthesis to be the first phase of the typological
synthesis of mechanisms. In type synthesis, typological structures of mechanisms
are built, determined by the number of their links, the number and type of their
kinematic pairs (lower and higher), and their arrangement [6, 8].

The type synthesis also includes a possible replacement of some links and the
kinematic lower pairs assigned to them in the structure of the mechanism, with
profiled kinematic higher pairs. This completely determines the type of mechanism.
In this sense, a topological structure of a mechanism with kinematic higher pairs
means that these pairs are reduced to kinematic lower pairs. Thus, guidance cam
mechanisms with two moving links, after kinematically replacing the cam pair
with two kinematic lower pairs, have a four-bar topological structure, as do the
mechanisms analysed in this article.

In Bulgarian technical terminology, the concepts of kinematic (structural and
dimensional) and dynamic synthesis have been adopted. The terms topological and
typological synthesis also appear in scientific publications, as well as in this article,
as stages of structural synthesis.
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After a critical analysis of the methods for structural synthesis, Galabov
[9] proposes a functional approach for the structural-dimansional synthesis of
mechanisms. According to the method, the mechanisms are built from interconnected
conditionally open kinematic chains (OKC) with different functional purposes,
in which they form closed chains of control functional generator mechanisms
(CFGM), the frame (base) of which are movable links of the chains. According to
the method, the typological structure of elementary guidance mechanisms is formed
by superimposing a three-bar conditionally open kinematic chain, consisting of a
frame (base), an initial link and an end link, connected in series with kinematic
lower pairs, with a control functional generator mechanisms of a different type,
which kinematically connects the frame with the end link, respectively, as the input
and output link of the control functional generator mechanism, with a relative base
the initial link.

The purpose of this study is to apply the functional method for structural-
dimensional synthesis of mechanisms for type synthesis of guidance planar
mechanisms with a four-bar topological structure, including a three-bar conditionally
OKC and a CFGM of a different type.

2. Type classification of planar lever mechanisms with a four-bar topological
structure

To determine the structures of the anisomorphic functional generator and
guidance four-bar mechanisms, according to the now classic approach for structural
synthesis of mechanisms based on closed loops, we start from a structural graph ofa
quadrilateral closed kinematic chain (Fig.1 — first row). Lines indicate the links, and
circles indicate the kinematic lower pairs, without distinguishing between rotating
(R-pairs) and sliding (P-pairs). This graph illustrates the fopological structure
of four-bar lever mechanisms. By introducing all possible combinations without
repetitions of rotating (O) and sliding (O) kinematic pairs, four anisomorphic type
structures (from I to IV) of four-bar closed kinematic chains are obtained (Fig.1 —
second row).
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Figure 1. Anisomorphic structures of four-bar mechanisms

From these chains, with different choices of the base (link assumed to be fixed), the
type structures of seven types of four-bar mechanisms are obtained (Fig.1 — third row).
With the initial and final link (links 1 and 3) kinematically connected to the fixed link
0, the first 5 type structures of functional generator four-bar lever linkages are obtained.
The next two structures (5 and 6) have bases, respectively, links 1 and 3. Next to each
structure, in the last row of Fig. 1, a kinematic diagram (dimensioned type structure
after dimensional synthesis) of a linkage functional generator mechanism is given: 1)
four-bar mechanism; 2) slotted link mechanism; 3) slider-crank mechanism; 4) tangent
mechanism; 5) sinusoidal mechanism; 6) ellipsograph mechanism; 7) Oldham coupling
mechanism.

Guidance four-bar mechanisms are obtained if the executive links are those with a
common planar movement (links with number 2 for diagrams 1 to 5), which, with their
so-called characteristic point H describe desired trajectories. For the mechanisms of
diagrams 6 and 7, the units with common planar motion are 3 and 1, respectively. The
trajectories of all points of the sinusoidal mechanism (diagram 5) are circles with a radius
equal to the length of the crank 3, since the link 2 performs a circular translation. The
trajectories of the points on the plane of link 3 of the ellipsograph mechanism (diagram 6)
are ellipses.

3. Type classification of planar guidance mechanisms with a four-bar topological
structure

According to the functional method for structural-dimensional synthesis of
mechanisms [9] the type structure of the considered class of mechanisms is synthesized
by superimposing a three-bar conditionally OKC, consisting of base 0, initial link 1 and
end link 2, connected in series with kinematic lower pairs (Fig.2, first row), with a CFGM,
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which kinematically connects base 0 with end link 2, respectively, as input and output
links of the OKC with relative base initial link 1.

The type synthesis of these mechanisms involves two stages.

Stage 1 — Determination of the types of three-bar conditional OKC

Four anisomorphic structures of three-bar OKC are possible, which can be denoted by
the symbols of the kinematic pairs between the links: RR, RP, PR and PP. The chains have
two degrees of freedom, and if they remain open, two controlled motors are required, one
for each moving link. The choice of the OKC structure depends on the specific problem
and the possibilities for structural decoupling of motion. Chains with RR structures have
a universal purpose. They are suitable for mechanisms designed to generate trajectories
close to an arc of a circle, cycloid, epicycloid, hypocycloid, ellipse, straight line segment,
polygons with rounded vertices or with cuspate points, etc.. Considering also the favorable
design and performance characteristics of R-pairs, OKC with RR-structure are preferable
except in cases where the trajectory is close to rectilinear with a relatively large stroke. In
such cases, chains with PR-structure usually have the advantage.

For helical trajectories, chains with RP-structure are preferable. This structure, with
length /, = 0 of initial link 1, is suitable for curves described in polar coordinates. It allows
for decoupling (independence) of the equal rotation of links 1 and 2 from the rectilinear
translation of link 2. But in this case, two CFGMs are needed. Each of them, independently
of the other, changes one of the polar coordinates of the characteristic point H, describing
the target trajectory [9].

The PP-structure is also suitable for curves described in Cartesian coordinates. It
allows for decoupling of the rectilinear translations of link 1 relative to frame (base)
link 0 and of link 2 relative to link 1. And in this case, two CFGMs are needed, each of
which, independently of the other, changes one of the Cartesian coordinates of point H.
In both decoupled of OKC structures, it is possible to drive two cams and links 1 and 2,
respectively, with one motor and functional generator mechanism (for example, a gear).
But in this case, the mechanism no longer has a four-bar topological structure.

A precise choice of one of the selected competitive structures can be made after
dimensional the OKC, determining the transfer functions of the CFGM, and their kinematic
diagrams. These are tasks of the dimensional synthesis of this class of mechanisms that
remain to be solved.

Stage 2 — Determination of the types CFGM

The elementary way to close a three-bar OKC is to connect the fixed link 0 with the
end link 2 with a binary link 3 (the last column in Fig.1). A guidince four-bar linkage is
formed, in which a linkage CFGM is built. The structure of these elementary linkages can
be considered topological if the dimensions and the difference between the rotating and
sliding pairs are ignored.

Different types of guidance mechanisms with a four-bar topological structure are
presented in four columns in Fig.2 with RR, RP, PR, and PP structures of conditional
OKC, respectively. CFGM on the second row in Fig.2 (diagrams 1, 2, 3, and 4) is cam
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mechanism with an input cam fixed to the base 0 and an end link 2 with a roller. By
changing the positions of the cam and the roller, a mechanism with an output profiled link
is obtained (inverse cam mechanism).

CFGM on the third row in Fig.2 (diagrams 5, 6, 7, and 8) has two cams. The input link
1s the cam fixed to the frame 0, and the other cam is fixed to the end link 2. If the cams are
formed along the centroids of the relative motion with respect to the relative position 1 of
the CFGM, then the is a centrode mechanism. If the profile of the cam contacting link 2
is rectilineal, a control cam mechanism with a flat output link will result — a plate slider or
a flat-face. When the positions of the cam and slotted link are changed, the profile of the
cam towards base 0 is rectilineal. An inverted cam mechanism is obtained.

OKC

Three-bar OKC

single-cam

Cam CFGM

double-cam

single-cam

CFGM with a flexible element

with roller

Gear CFGM

Linkage CFGM

Figure 2. Anisomorphic three-bar OKC and guidance mechanisms
with a four-bar topological structure
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The CFGM in the fourth row in Fig.2 (diagrams 9, 10, 11, and 12) are mechanisms
with a flexible inextensible element (tape, cord, timing belt, multi-strand steel rope,
etc.), hingedly connected to the end link 2. If the cam is fixed to link 2, and the
flexible link is joined to frame 0, then an inverse mechanism with a flexible element
(band mechanism) is obtained.

The CFGM on the fifth row in Fig.2 (diagrams 13, 14, 15 and 16) is a band
mechanism with a roller end link 2. By changing the positions of the cam and the
roller, an inverse mechanism with a flexible element with roller input link 0 is
obtained. If the roller is non-circular, a double-cam band mechanism is obtained.

The CFGM of the sixth row in Fig.2 (diagrams 17, 18, 19, and 20) is a gear
mechanism with two circular gears (diagram 17) or with non-circular gears, with a
gear and a rack (diagrams 18 and 19) or a gear and two racks (diagram 20).

The possibilities for generating different trajectories with guidance mechanisms
are unusually large, even with CFGMs with a constant transfer ratio. For example,
with different transfer ratios i of the CFGM and ratios & =/ /1, of the lengths /, and /,
of links 1 and 2, 84 typical trajectories are obtained, of which: e A=1and i > 1 the
curves of Gvido-Grandi, of which at i = 4 four-leaf clover; * A =2 and i = 3 the
curves of Steiner; * A =3 and i = 4 the asteroid; * i = 1/2 Pascal ‘s snails, of which
at A=1/2 the cardioid; i =2 different ellipses, at L = 1 a straight line segment, and
at [, = 0 a circle, etc.

Curves with cuspate points are obtained at A =i — 1, and at . =— (i — 1)* — curves
with flat (rectifiable) points. The geometric meaning of the sign (—) means that flat
points are obtained when the links of a conditional OKC are folded.

CFGM of the sixth row in Fig. 2 (diagrams 21, 22, 23, and 24) are four-bar
mechanisms. They can be considered as particular cases of functional generator
mechanisms with a kinematic higher pair, for example, a cam mechanism with a cam
profiled along an arc of a circle. They can also be considered as particular cases of band
mechanisms, in which the cams are folded into points (joints) and the flexible element
is replaced by a connecting lever. If the two points are extremely distant, then they
define the axes of two R-pairs of the connecting lever, as can be seen from diagrams 21,
22,23, and 24. In the RR-structure of a conditional OKC, the following is obtained: a
four-bar mechanism (diagram 21); in the RP-structure — a slider mechanism with one
slider (diagram 22); in the PR-structure — a crank-slider mechanism (scheme 23); in the
PP-structure - an ellipsographic mechanism (diagram 24).

With an infinitely distant center of rotation between links 0 and 3, a second slider
appears in the slotted lever mechanism of diagram 22. A slotted lever mechanism
with two sliders (in particular, tangential) is obtained, located between joints (Fig.1,
diagram 4). When changing the base (from link 0 to link 1) of the ellipsographic
mechanism (diagram 24), a sinusoidal mechanism is obtained (Fig.1, diagram 5). If
the base is link 3, then an Oldham coupling mechanism is obtained (Fig.1, diagram 6)
with a gear ratio of 1.
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The choice of CFGM depends on the specific problem and the possibilities
for structural decoupling of motions. If there is no requirement for the accurate
generation of a given trajectory, it is logical to seek a solution with a lever CFGM.
The engineer may choose such a choice of CFGM if a stable, relatively large-sized
mechanism is required, dictated by target trajectories with relatively large sizes.
Examples of this are the main mechanisms of specialized robots, heavily loaded
manipulation mechanisms of lifting and handling machines, etc.

On the other hand, lever CFGMs are usually preferred as micro mechanisms
and even grippers, due to their relatively smaller mass compared to other types of
CFGMs. Driving the grippers with a linear motor predetermines the introduction
of a slider as an input link and a crank-slider CFGM. When synthesizing such and
other guiding lever four-bar mechanisms, for a given input-output force ratio, it
is possible that the intermediate joint between the crank and the connecting rod
on the CFGM may be unacceptably distant from a technical viewpoint. Then it
is appropriate to replace this joint with a slider, and then perform dimensional
synthesis again. The probability of obtaining a successful technical solution is now
significantly higher.

Engineers most often turn to cam-type CFGMs for incorporation into structures
of strictly guidance CFGMs with relatively small sizes. Typical examples are
magnetic tape memory mechanisms in storage devices. The same applies to gear
CFGMs of robots in microtechnology, with the exception of those with gear racks,
when they are used for translations over significant distances, for example, in some
manipulators and metal-cutting machines.

Various manipulation mechanisms of specialized robots and lifting and handling
machines incorporate CFGMs with flexible links, as they enable them to transmit
movements and forces over significant distances. A number of applications of
these CFGMs are also found in various devices and robots, including robots in
microtechnology.

The question of choosing the type of CFGM remains open in cases where
several types of CFGM, determined after preliminary selection, successfully
compete as the first stage of the typodimensional synthesis method. According to
the method, a joint dimensional synthesis of competing types of mechanisms with
a common mathematical model is performed. The prospective kinematic diagrams
are determined, from which a final choice is made by type and size of the CFGM
according to an objective function, which is composed of quantitative estimates
and weight coefficients of selected optimization criteria. But this is not the subject
of this article.

Conclusion
The functional method for structural-dimensional synthesis of mechanisms
for their type synthesis of the considered class of guidance mechanisms with a
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four-bar topological structure has been applied. According to the method, the type
structure of elementary guidance mechanisms is synthesized from the stratification
(lamination) of a three-bar conditionally OKC. The kinematic chain is composed
of a fixed link, an initial link, and an end link. They are connected in series with
kinematic lower pairs, with a CFGM of a different type, which kinematically
connects the base with the end link, respectively, as the input and output link of the
CFGM with a relative fixed link, the initial link.

A type classification of planar guidance mechanisms with a four-bar topological
structure has been done. Two stages of type-dimensional synthesis are distinguished:
(1) determination of the types of three-bar conditionally OKC; (2) determination of
the types of CFGMs.

Recommendations are given for preliminary and final determination of the
typological structure of a conditionally OKC and the type of the CFGM. This guides
the engineer to the most appropriate typological structure of a guidance mechanism
according to the technical problem set, before proceeding to its dimensional
synthesis.
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Abstract. This paper presents the results of an experimental study on the energy
performance of thyristor rectifiers used in traction substations for supplying trolleybus
and tram electric transport. The purpose of the study is to assess the efficiency of
thyristor traction units that were introduced in the 1990s and are still part of the urban
electric transport infrastructure in Sofia.

The paper includes results from experimental measurements of key electrical
parameters under various operating modes of thyristor rectifier units. The study was
conducted in real operational conditions in a traction substation equipped with such
devices. The measured parameters include input values such as voltage, current,
ripple, harmonic distortions, power factor, cos ¢, as well as active and reactive energy.

Power losses, current ripple levels, and the behavior of the rectifiers under different
operating regimes were analyzed. The obtained results provide a basis for a well-
founded evaluation of the technical suitability of the systems in relation to modern
requirements and for formulating guidelines for improving their energy efficiency.
This paper contributes to a deeper understanding of the operational characteristics of
thyristor rectifiers and their role in the sustainable functioning of the electric transport
network.

Keywords: rectifier substation; thyristor rectifier; energy efficiency

1. Introduction

The municipal company Sofia Public Electrical Transport Company JSC is the
primary operator of electric urban transport in Sofia, the capital of Bulgaria. With
over 100 years of history, its infrastructure utilizes various types and generations of
Traction rectifier stations (TRS), used to supply power to the trolleybus and tram
networks. Until 2012, the company played a key role as the backbone of urban
transport in Sofia, before the significant expansion of the Sofia metro. Despite
the changes in the transportation structure, electric transport still plays a crucial
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role in the city’s mobility. After the introduction and expansion of the metro, the
importance of trams and trolleybuses has not diminished — on the contrary, they
remain an indispensable element of connectivity between metro lines and ensure
transportation accessibility in areas where the metro does not reach. Due to their
lower construction and operational costs, as well as greater flexibility in route
changes, electric transport continues to be an effective and eco-friendly alternative,
easily adaptable to future developments in the urban transport network.

In the context of Bulgaria’s membership in the European Union, sustainability,
energy efficiency, and environmental standards are leading priorities in the
development of transport infrastructure [2]. This is where electric transport plays a
strategic role in building a sustainable and interconnected urban transport system.

Despite various challenges — financial, organizational, and technological — Sofia
Public Electrical Transport Company JSC has succeeded in not only modernizing
its infrastructure but also maintaining older facilities in excellent technical
condition. Thanks to this, its network includes and operates different generations of
technologies, which provide an excellent foundation for conducting experimental
research and practical analysis. This includes a variety of technical solutions related
to rectifier units and traction power supply systems, which are still used in a real
operational environment.

2. General

The subject of study in this paper is the rectifier substation Hadji Dimitar, located
in the northeastern part of Sofia. The station is equipped with thyristor rectifiers,
making it a highly interesting object for analysis regarding its performance under
real operational conditions. This is why it was selected for the study, focusing on
the energy characteristics of TRUs operating in TRS.

2.1. Description of the object of study

The Hadji Dimitar TRS was commissioned in 1995. It is located in the eastern
part of Sofia and serves the electric urban transport in this area, providing power
to electric vehicles along two of the main boulevards in this part of the city. The
construction of the substation was driven by the need to expand the traction network
due to the growing route network of the tram and trolleybus transport.

As with other rectifier substations operated by Sofia Public Electrical Transport
Company JSC, the Hadji Dimitar TRS is built according to a standard single-line
principle diagram shown in fig. 1. The substation is supplied by the electrical grid
through two incoming high-voltage connections (Incomer 1 and 2) at 10 kV. The
medium voltage switchgear (MV SwG) is equipped with SF, gas circuit breakers,
which, at the time of their implementation, represented a modern technical solution
with high reliability. However, in the current context of environmental standards
and sustainable development, the use of SF, (sulfur hexafluoride) gas is considered
incompatible with future requirements for minimal environmental impact [1, 6, 7, 8].
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The MV SwG feeds three traction transformers (T-TR), manufactured in Bulgaria
by Elprom Energo E.T. Sofia, with identical technical characteristics summarized
in Table 1. Each transformer steps down the primary input voltage of 10 kV to a
secondary voltage of 520 V. Through a three-phase busbar system, this voltage is
supplied to thyristor rectifier modules, which provide the required output voltage of
660 V DC, used for powering the traction network.

Table 1. Technical Parameters of TT Type TMI 2500/10

Technical Parameters of TT — Manufacturer: Elprom Energo E.T. Sofia

No. Parameter High Voltage | Low Voltage
Side Side

1 Nominal Voltage, kV 10 +/-5% 0,515

2 Nominal Current, A 126 2455

3 Nominal Power, kVA 2190kVA

4 Cooling Type ONAN

5 Frequency, Hz 50

6 | Weight, kg 7705

7 Connection Group Dy-5

8 Voltage Regulation 10,46

9 Coil Material Cu Cu

As shown in fig. 1, the Thyristor Rectifier Unit (TRU) consists of a total of 13
RU (rectifier units) cabinets, functionally divided into two main groups: common
cathode (RUI — RU®6), which is used to supply positive voltage to the catenary
network, and common anode (RU11 — RU13), which is connected to the return
line feeders of the system. The TRU is manufactured by the Czech company CKD
Praha.

Modules RU1 to RU6 are constructed with NVP-type thyristor blocks, whose
anodes are connected to the AC three-phase busbar at a voltage of 515 V AC.
Each NVP module contains the positive thyristor half-bridge, forming one half
of the three-phase controlled rectifier. The thyristor blocks include three power
thyristors (TV978-1600-20), a cooling system (either natural or with forced
circulation air), protective and control electronic circuits, as well as visual
indicators of their status. The controlled thyristor modules also function as
electronic circuit breakers, providing reliable protection and fast disconnection
in case of fault conditions. In this type of technical solution, high speed circuit
breakers (HSCB) are not used, simplifying the system and reducing the need for
complex mechanical protection.

247



Lalev, Tomcheva, Paviova

Each NVP-type cabinet supplies two independent sections of the contact
network, with a nominal output current of 2x1500 A at 660 V DC.

The RUI11 to RUI13 cabinets are constructed with NVZ-type thyristor blocks,
where the cathodes are connected to the AC three-phase busbar at 515 V AC,
forming the second half of the three-phase controlled rectifier. The NVZ modules
are the negative thyristor half-bridge, forming the second half of the TRU. The
NVZ modules are connected to the return feeders through a current-limiting reactor,
whose main function is to limit currents during short-circuit conditions. Each NVZ
cabinet is functionally similar to the NVP, containing two thyristor modules rated
for a nominal current of 3000 A. Through a system of disconnectors, the thyristor
modules are connected to the return bus (- minus).

i Medium voltage
| switchgear 10 KV

Traction

Traction transformers
Transformer 1

10EV/515V

Thyristor traction controlled
rectifier 660V DC

3 phase AC 515V

+660V DC Traction network supply feeders (OHCL) - 660V DC Return feeder

Figure 1. Single-line diagram of Hadji Dimitar TRS

The structure of the power section and the wiring diagram of the NVP/NVZ
thyristor blocks are shown in fig. 2.

2.2. Description of the NVP/NVZ Thyristor Block
Figures 2a and 2b show the structural diagrams of two types of thyristor modules
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used in the TRU of the Hadji Dimitar R.S. — NVP-type module and NVZ-type
module. Together, they form a six-pulse thyristor rectifier circuit.

Thyristor module NVP Thyristor medule NVZ o
Ua From traction transformer 515 V AC Ua From traction fransformer 515V AC
Ub Ub
Uc Uc

T1

07071
| /

N
3 _/ v _/\5

i
&
=
| — —

IS [ S —— R

To catenary +660DC From return line -

a) b)
Figure 2. Single-line diagram of the NVP/NVZ thyristor block

The NVP module (Fig. 2a) is designed for the positive pole of the contact
network (+660 V DC). It is powered by 515 V three-phase voltage from the traction
transformer. The module consists of three thyristors (T1, T2, T3) with their anodes
connected to the alternating current bus, and the cathodes short-circuited to the
output. Each thyristor is protected by a fuse (F1, F2, F3).

TheNVZmodule(Fig. 2b)isintended for connection to thereturnline (-660 V DC).
In this case, the cathodes of the thyristors are connected to the three-phase AC
circuit, while the anodes, short-circuited, and are connected to the return feeders.
The configuration is a mirror image of the NVP, but functionally equivalent.

Together, the modules provide complete rectification of the three-phase voltage
and generate a bipolar DC supply for the electric transport network.

3. Experimental Measurement and Obtained Results

The experimental measurements were conducted on June 15, 2025 (Sunday)
at the Hadji Dimitar TRS. The aim of the measurements was to investigate the
energy efficiency and operational parameters of the system under real operational
conditions.

During the measurement, were operating two traction transformers No. 1 and
No. 3. The power supply was provided from Incomer 1 — the intermediate electrical
connection with rectifier station Levski. The measurements were taken on a
weekend, so it can be assumed that the load on the contact network was lower than

249



Lalev, Tomcheva, Paviova

usual, especially during the peak hours of a typical weekday. This fact was taken
into account when analyzing the obtained values, as the measured parameters did
not reach their maximum operational values.

An additional influence on the energy characteristics comes from the current-
limiting reactor connected to the -660V bus of the rectifier system.

The measurements were conducted using a Janitza UMG 604 network
analyzer [5], which allows simultaneous monitoring and recording of a wide
range of electrical parameters. The monitoring was performed simultaneously
on all three phases, and the following key parameters were recorded: P, kW
— Active power of phase L1, Q, kvar — Reactive power of phase L1, Phase
angle of L1, cos¢ of L1, P, kW - Active power for L1+L3 (summed value for
all three phases), Q, kvar - Reactive power for L1+L3, cos¢ L1+L3, Power
Factor (PF).

The obtained data allows for the evaluation of the energy performance and the
efficiency of the thyristor rectifier in specific operating conditions. Below, the report
presents summarized results from some of the measurements which characterize
the behavior of the rectifier station under limited load conditions.

4. Analysis of Results

Figure 3 presents the graphs of active and reactive power measured at the power
input of the Hadji Dimitar Rectifier Substation. These graphs reflect the typical
behavior of the power supply when operating trams or trolleybuses. Active power
P varies dynamically over time, with clearly visible peaks during acceleration and
lower values during coasting or idle periods. The measured minimum momentary
value is approximately 13,0 kW (no-load power), and the maximum reaches
approximately 544,9 kW.

Active vs Reaclive Power Over Time
— ctive Power [W]

—— Reactive Power [var]
500000

400000

. 300000
5
3
&

200000

100000

Figure 3. Active and reactive power at the incomer TPSS Hadzhi Dimitar

250



Experimental Study and Analysis of the Energy Performance of Thyristor Rectifiers...

Reactive power Q also changes according to the load but remains in significantly
lower ranges — from about 0,7 kvar (in no-load mode) to 57,0 kvar. Increases in
reactive power coincide with moments of higher active consumption, suggesting
the presence of inductive elements in the system, such as reactors, transformers,
and others.

Figure 4 shows the time dependence of the measured power factor (PF) and
cos@, obtained from the power input of the Hadji Dimitar Rectifier Substation. The
measured cos remains almost constant in the range from 0,994 to 0,99, which
indicates minimal phase displacement between the current I and the voltage U. This
corresponds to the expected behavior in an electrical supply with a predominantly
active load.

In contrast, the actual PF varies significantly from 0,394 to 0,952, sometimes
falling below 0,5. This is a strong indicator of the presence of a nonlinear load,
where the current is significantly distorted by higher harmonics. Such values are
characteristic of thyristor control, as is the case with the TRU in the TRS Hadji
Dimitar.

U] ”“UT' I i
S W

0.6 | \)11

0.5

i
o
o

L —— Measured cosig)

0.4 —— Measured Power Factor

1511:14 15 11:15 15 11:16 1511:17 15 11:18 1511:19 15 11:20 15 11:21 15 11:22
Time

Figure 4. Time variation of measured cos ¢ and Power Factor at the input of the
TPSS Hadzhi Dimitar

The difference between the high cose and the low PF clearly indicates that the

problem lies not in the phase shift, but in the distortions of the current waveform,
which lead to a decrease in the efficiency of the TRU.
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Harmonic spectrum (orders 1 to 42) Current L1 under load

ﬁr‘||-lll- I.I.-..Ii. I —

Current L1 waveform under load

Figure 5. Harmonic Spectrum and Current Waveform of Phase L1 Under Load

Figure 5 shows the spectral composition of the current harmonics and its
waveform in phase L1 under load operation of the TRU at the TRS Hadji Dimitar
Rectifier Substation. The upper part displays the harmonic spectrum up to the 42nd
harmonic order, with the most prominent being the 5th and 7th harmonics, with
amplitudes of approximately 7,8 A and 6,0 A, respectively. These are followed by
the 11th, 13th, 17th, and 19th harmonics, with amplitudes ranging from 3,5 to 3,9
A. Clearly, higher odd-order harmonics of low order are typical for the operation
under load of the TRU. Under this load, the total harmonic distortion (THDi) of
the current is approximately 20.5%, indicating the presence of significant higher
harmonic components and confirming the characteristic behavior of the TRU under
load conditions.
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Harmonic spectrum (orders 1 to 42) Current L1 at no load

Curréﬂt L1 walvélform a.tl no load -

l . l 1 S o1 T 1 l 1
Figure 6. Harmonic Spectrum and Current Waveform of Phase L1 at no Load

When operating without load (figure 6), the most pronounced harmonics
are the 3rd (1,2 A), 5th (1,7 A), and 7th (1,1 A), while harmonics from the 9th
to the 19th have lower amplitudes — below 1 A. The measured total harmonic
distortion (THD) coefficient is approximately 25%, which confirms the presence
of significant harmonic pollution even under low load. This indicates that thyristor-
driven traction units maintain high levels of harmonic distortion and unfavorable
energy parameters even with small loads, in contrast to diode rectifiers, where this
phenomenon is much less pronounced.

Conclusion

During the experimental study, real measurements were performed on the main
electrical parameters of the TRU installed at the Hadji Dimitar Rectifier Substation.
The measured quantities included voltage, current, pulsations, harmonic distortions,
cos @, active and reactive power, as well as the power factor. Based on the obtained
data, an analysis was conducted on the current waveforms and the spectral content
of the harmonics, both under load operation and in no-load conditions.

The results showed that, despite the good design and the indisputable positive
effect of the TRU in stabilizing the output voltage, the system demonstrated
unfavorable energy characteristics. The measured total harmonic distortion (THD1)
values, reaching up to 20-25%, and the low PF with high cos @, confirm the
presence of significant nonlinear distortions. This leads to additional losses and
reduced energy efficiency.

A comparison with diode rectifier devices [3, 4], particularly 12-pulse schemes,
shows that the latter offer significantly better energy performance, especially
under low and partial loads. In this context, it is both technically and economically
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justified to consider the phased modernization of existing thyristor-based units with
diode or more modern solutions that meet the requirements for energy efficiency
and reduced harmonic pollution.

REFERENCES

[11 REGULATION (EU) 2024/573 of the European Parliament and of the Council
of 7 February 2024 on fluorinated greenhouse gases, amending Directive (EU)
2019/1937 and repealing Regulation (EU) No 517/2014, Official Journal of the
European Union, L 20, 20 Feb. 2024, pp. 1 — 130. Available: https://eur-lex.
europa.eu/eli/reg/2024/573/0j.

[2] REGULATION (EU) 2024/1610 of the European Parliament and of the
Council of 14 May 2024, amending Regulation (EU) 2019/1242 as regards
strengthening the CO: emission performance standards for new heavy-duty
vehicles, including specific sales targets of 90 % zero-emission new urban buses
by 2030 and 100 % by 2035. Available: https://eur-lex.europa.cu/legal-content/
EN/TXT/?uri=0J:L_202401610.

[3] KALUNTA, F., AKINBULIRE, T., OKAFOR, F., Modelling and Analysis of
Three Phase Controlled Rectifiers Using Pivotal Function Technique, UNILAG
Journal of Medicine, Science and Technology, 2024, vol. 3, no. 1, pp. 82 — 95,
ISSN: 2630-693X, https://ujmst.unilag.edu.ng/article/view/130.

[4] LALEV, T., Opportunities for Improving the Energy Performance of the
Traction Power Supply System for Surface Urban Electric Transport [Online],
Sofia: Author’s publication, 2025, 114 p., ISBN 978-619-04-0390-6.

[5]JANITZA ELECTRONICS GmbH, UMG 604 User Manual, Lahnau, Germany.
[Online]. Available: https://www.janitza.com/files/download/manuals/current/
UMG604/janitza-bhb-umg604ul-en.pdf.

[6] PAVLOV, G., SEKULOV, L., STOITSEV, R., MIHAILOV, L., BODUROV,
P., Experimental testing of the recuperative modes of tram motrices PESA
120NaSf along the track segment powered by the ‘Emil Markov’ and ‘Shiroka
Laka’ feeders of the ‘motopista’ current-rectifier station in Sofia VI International
Scientific Conference — TEIT 2022, Scientific Journal Mechanics Transport
Communications, Sofia, Issue 3/2022, art. ID: 2279, pp. X-85 — X-90, ISSN
2367-6620 (online), https://mtc-aj.com/library/2279.pdf.

[71 DODOV, E., PAVLOV, G., Research and analysis of the energy parameters of
traction substations of the underground urban electric transport, VI International
Scientific Conference — TEIT 2022, Scientific Journal Mechanics Transport
Communications, Sofia, Issue 3/2022, art. ID: 2274, pp. X-54 — X-59, ISSN
2367-6620 (online), https://mtc-aj.com/library/2274.pdf.

[8] TARPOV, L., Trends and forecasts in the development of transport concepts for
the cities of the future, XX VI international scientific conference TRANSPORT
2023, Scientific Journal Mechanics Transport Communications, Sofia, Issue
3/2023 r, art. ID: 2423, pp. X-1 — X-5, ISSN 2367-6620 (online), https://mtc-aj.
com/library/2423.pdf.

254



Experimental Study and Analysis of the Energy Performance of Thyristor Rectifiers...

>4 Dr. Todor Lalev, Assoc. Prof.

ORCID iD: 0009-0006-4214-7942

Department of Electrical Equipment in Railway Transport
Todor Kableshkov University of Transport

158, Geo Milev St., 1574 Sofia, Bulgaria

E-mail: tlalev@vtu.bg

0< Dr. Martina Tomcheva, Assoc. Prof.
ORCID iD: 0009-0008-8584-4689

Department of Electrical Equipment in Railway Transport
Todor Kableshkov University of Transport

158, Geo Milev St., 1574 Sofia, Bulgaria

E-mail: mtomcheva@vtu.bg

04 Eng. Detelina Pavlova, PhD Student
ORCID iD: 0009-0008-1660-9167

Department of Electrical Equipment in Railway Transport
Todor Kableshkov University of Transport

158, Geo Milev St., 1574 Sofia, Bulgaria

E-mail: didaip@vtu.bg

255



XXVII International Scientific Conference Transport 2025

https://doi.org/10.53656/isct-2025.21 Telecommunications and Slgnahng
Equipment, Automation Systems in Transport

AN INTELLIGENT CONTROL APPROACH
FOR FREEWAY RAMP METERING

Hassane Abouaissa, Vasil Dimitrov
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Todor Kableshkov University of Transport, Sofia, Bulgaria

Abstract. In the frame of intelligent transportation systems, management of
traffic flow in the area surrounding cities and metropolises is an essential aspect of
ensuring efficient and smooth transportation. This paper addresses a critical issue
in freeway management: the effective regulation of traffic flow to alleviate daily
recurrent congestion and ensure the safe circulation of goods and people. It is an
effective means of reducing air pollution. The proposed strategy utilizes a two-stage
control approach to address freeway ramp metering. The primary objective of ramp
metering is to enhance freeway traffic conditions by regulating the inflow from the
on-ramp to the highway main lane using signal lights. The first stage relies on differ-
ential flatness as a key tool for open-loop control and trajectory planning, offering a
strategic approach to ensure operational efficiency. Flat systems are a generalization
of linear systems (in the sense that all linear, controllable systems are flat), but the
techniques used for controlling flat systems are much different from many of the ex-
isting techniques for linear systems. Differential flatness enables system inversion
(and linearization) without integrating any differential equation. To handle model
inaccuracies, uncertainties, and unexpected traffic demand as well as various distur-
bances, the second stage introduces model-free control and its corresponding intel-
ligent controllers to close the control loop. This approach enables real-time adjust-
ment of trajectory planning, ensuring that the system reacts effectively to changing
traffic conditions. The conducted numerical simulation using real data of the North
of France motorway A25, demonstrates the relevance of the proposed approach.

Keywords: Model-free control; differential flatness; freeway ramp metering; in-
telligent transportation systems

1. Introduction

The worldwide globalization has led to an ever-increasing demand for the trans-
portation of goods and persons. This leading to increased recurrent congestion in
the areas surrounding cities and metropolises, particularly during the rush hours.
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In this context, intelligent transport systems (ITS) have been developed to ensure,
amongst others, efficient management of traffic flows. Because of its crucial impact
on the economy, safety and the environment, several measures have been proposed
to improve traffic conditions on freeways. Among the most effective measurements,
ramp metering has been widely developed and implemented around the word [1].
A ramp meter is a device, typically a traffic light, which uses a signal controller to
regulate the flow of traffic entering freeways. Several studies devoted to this im-
portant domain of ITS have been proposed (See e.g. [2, 3, 4, 5], and the references
therein). These approaches are ranging from classic proportional-integral-deriva-
tive (PID) correctors, and more modern control methods (like model predictive
control - MPC, or feedback control [6, 7]) to the utilization of ordinary and partial
differential equations stemming from mathematical physics, especially from fluid
and statistical mechanics (see e.g. [8] and [9, 10]), as well as [11] for a recent
survey of traffic flow control. It should be emphasized that ramp metering can be
isolated (implemented in the vicinity of each controlled on-ramp) or coordinated
(controlling several on-ramps).

Among the many feedback control algorithms which may be found in the huge
literature devoted to traffic management, ALINEA (an acronym of the French
wording Asservissement LIN¢aire d’Entrée Autoroutiére [12]) is one on the
very few closed-loop control syntheses which has been implemented in practice.
However, these closed-loop controllers are fixed since they have no means to
adapt their gains to changing conditions, and thus suffer from, e.g., uncertainties
in traffic parameters and poor tuning. As stated in [1] (see e.g. [13]), one way to
solve parameters uncertainties is to estimate them using Kalman filters. However,
the assumption underlying the use of Kalman filters is that the parameters follow
a known observable model. Moreover, these feedback methods, alongside MPC,
often require a mechanism for estimating traffic state in order to respond to real-
time traffic behavior.

Recent advances in artificial intelligence (Al) have paved the way for the
development of more sophisticated ramp metering approaches. [1, 14] have addressed
ramp metering combining MPC and reinforcement learning (RL). Other approaches
that have gained substantial attention are based on RL, Deep learning (DL) and
Machine learning (ML). However, methods stemming from RL imply control schemes
that are tedious to implement [15]. An alternative to these various shortcomings of
the algorithms has been proposed in [16]. The fundamental principle underpinning
this approach is predicated on the recent advances in model-free control, whereby the
mathematical model of the studied system becomes useless [17].

This paper presents work that exploits the power of two control approaches: flatness-
based control and model-free control. This results in a two-stage algorithm. The first
stage uses differential flatness as a key tool for open-loop control and trajectory planning,
providing a strategic approach to ensure operational efficiency. The second stage relies on
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model-free control in a closed-loop system to address model inaccuracies, uncertainties,
and perturbations. The latter, and as demonstrated by [18], is a new tool for ML and
is characterized by its ease of implementation and should be substituted in control
engineering to ML via Artificial Neural Networks and/or Reinforcement Learning,

This communication is organized as follow. Section 2 provides a brief overview
of the macroscopic traffic flow model that is used in this paper. Section 3 is devoted
to the main principles of flatness and model-free control, and their application to
freeway ramp metering. Computer simulations are conducted in Section 4. Finally,
some conclusions and discussions are presented in Section 5.

2. Macroscopic traffic flow model

Macroscopic second-order models are the most widely used models to describe
the dynamic of traffic flow along a freeway section. The initial second order model
was proposed by Payne [19] and later modified by [20]. The studied model is based
on the following conservation equation (as stated by several authors, the only exact
equation in traffic flow modeling is the conservation one. All the others equations
especially the momentum equation is principally based on empirical considerations
and closely related to the specific infrastructure and traffic conditions [21]):

(1) %p'[:x. t) +£q{x. t) = glx. ),

where p(x,7) and ¢(x,?) denote the average aggregate traffic density in units of (veh./
km/lane) and the traffic volume in (veh./h), which defines the number of vehicles
exiting the segment during the time period dt, respectively; g(x,¢) represents the
ramp generation term in (veh./h/km).

From a control theory perspective, freeway ramp metering can be viewed as
a system controlled by traffic lights near the on-ramp. To derive the control law,
consider the given section of freeway depicted in Fig. 1. Let p be the traffic density
in vehicles per kilometer per lane, g (in veh./h) represents the traffic volume, and
v (km/h) is the main speed. According to METANET [22], these three aggregated
variable are related by:

() g(t) = Ap(t)v(t),

where A represents the number of lanes.
The equation of conservation is expressed by the following expression:

(3) 5(8) = —[g.(8) — q(8) +q,(8)]

where L is the section length, g , g are the traffic entering the mainstream section
and the on-ramp, respectively.
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The dynamic of the mean speed is expressed by:

() = 7000 — w.(O)] 4. [ s () — . (£)] — LB D=
4 v, {t} = [I"L {Pf} Lf{.t}] + L U [L:—j_{.t} L:{_t}] L pitlik

where 7, 7 and x are model parameters. The equilibrium speed V is defined by [23]:

. 1 pl:r:l o

(5) Valp) = vyexp| -2 (£2) |
where v, and p_ are the free-flow speed and the critical density, respectively; a is a
model parameter.

In Eq. (4), the first term represents the relaxation, the second term represents the
convexion, and the third term represents the anticipation. It has to be noticed that
the above equations represent the basis for the conducted numerical simulations.
Equation (5) defines the so-called fundamental diagram shown in Fig. 2.

=

=

Figure 1. Freeway ramp metering principle Figure 2. Fundamental diagram

The aim of ramp metering consists on the regulation of the on-ramp flow (using
traffic lights) in order to maintain the traffic density at the mainstream segment
below a critical one p .

3. Flatness-based and model-free control

3.1. Differential flatness

Since their introduction more than thirty years ago [24], differentially flat systems
have met with great success in control engineering and other fields, such as pure
physics [25, 26]. The main principle of this concept can be summarized as follow
(interested readers can find more information and theoretical foundation in [27]):

— any system variable z may be expressed as a differential function of the com-
ponent of the flat output and their derlivlatives up to some finite order v, i.e.:

1||.r'|

(6) 2= Flye ) oo Vo Ve e Vi e ¥y s Vi
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— any component of the flat output may be expressed as a differential function
of the system variables;

— the components of the flat output are differentially independent, i.e., they are
not related by any differential relation.

Assigning time functions to y ...,y yields time functions to any system variable
without any integration procedure. An open loop control strategy is provided by
this, along with allowance for a reference trajectory.

3.2. Model-free control

Faced with the difficulty of obtaining mathematical models for complex sys-
tems, Fliess and Join have introduced a new concept in control engineering where
the notion of ultra-local model plays an important role. Indeed, consider the SISO
(single-input single output) system and replace the poorly known plant and distur-
bance by the following ultra-local model:

(7) (&) = Flt) + au(t)

where y and u are the output and control variables, respectively; the constant o €
R is often chosen by a practitioner; F, which subsumes all the unknown structure
of the studied system including external perturbations, is estimated via algebraic
manipulations and the application of the inverse Laplace transform on the interval
[0, T] (see e.g. [17] for more explanations). In the time domain, the following data-
driven real-time estimator is obtained:

(8) Foee (£) = —T%J’:{{T— 26)y(t =T + ¢) + a(T — o)oult — T + o)) dt

3.3. Ramp metering algorithm

Consider the freeway section of Fig. 1. A natural flat output, derived from Eq.
(2) with 4 = 1, is the traffic density p. From the principle of the flatness, the open
loop control reads:

9) u*(t) = g;(8) = Lp*(8) + p*(tIv" (£)
The trajectory generation is made using a polynomial interpolation. This is
accomplished by prescribing the following desired trajectory for the flat output p:

Po fort =0
(10) p* (&) = {0 pp + (pr —pplo (£, 0.T), for0 < 0 =T
P fort=T

where o(2,0,7) is a polynomial function of time, exhibiting a sufficient number of zero
derivatives at times, 0 and 7, while also satisfying: 6(0,0,7) = 0 and o(7,0,7) = 1.

The control loop is closed thanks to the intelligent controller stemming from
model-free control principle
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(11) aule) = § [—F. () + p°(8) +C(e(t))]

where:
—e(t) = p(t) — p’(¢) is the tracking error;
—c(elt)) = Kaelt) + K, [ elt) de + K, stands for the classic controller
I de
—K,, K and K are tuning gains.
The final control algorithm reads

(12) ult) = w* () + Au(t)

4. Computer simulations

Consider for the computer simulations the section of the North of France
freeway A25. The traffic demands at the mainstream and the on-ramp are depicted
in Fig. 3. In the no control situation and particularly during the rush hours, around
8 and 10.30 AM, the traffic density increases overhead the critical one. This leads
to a formation of congestion and mean speed drop (See e.g. Fig. 4).

Traffic demands

Traffic flows {veh/h)

Figure 3. Traffic demands in vehicles per hour
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Figure 4. Traffic density and mean speed — no control case

In the no-congestion mode, there is no need for control, the profile of the critical density
(the reference) is then low. The controller adapts the density profile to the critical value as
soon as traffic becomes dense. Fig. 5 shows significant improvement in traffic conditions.
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Figure 5. Traffic density and mean speed — control case

Conclusion

The combination of flatness and model-free control seems to be an interesting solution
for dynamic ramp metering. Instead of the use of ML techniques which are tedious to
implement and require the use of a large amount of data, the application of model-free
control and the estimation methods based on algebraic techniques provides an efficient
and easy to implement ramp metering approach. This approach enables the dichotomy
between the necessity of a model for traffic simulation and the need for a simple, efficient
control algorithm to be resolved. However, further investigation must be conducted in
order to deal with coordinated ramp metering as well as integrated traffic control where
combination with variable speed limits and dynamic traffic routing play an important role.
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Abstract. Information security, manifested as the protection of information and
physical data carriers, is a fundamental element in ensuring the business success
of transport companies. In order to maintain robust information security in terms
of uninterrupted operational use, it is necessary to manage the risks of a given
information system. This includes assessing and evaluating its most critical and
high-risk components, as well as proposing alternative measures (strategies) for
reducing risks (threats) and dealing with specific hazardous scenarios. This paper
addresses the issue of achieving appropriate information security through risk
management using a project-based methodology. The approach is presented through
three defined problems and corresponding hypotheses: (1) Risk identification;
(2) Risk quantification with categorization based on severity (high-level/kill
risks, medium-level and low-level risks); (3) Determination of the suitability of
various alternatives/strategies for managing all types and levels of risk. The results
demonstrate that risks can be identified and quantified according to their severity in
the information systems of transport companies. Risk mitigation can be approached
through one of six (6) risk management strategies (risk avoidance, risk transfer, risk
prevention, risk impact reduction, risk ignoring, contingency planning), through
their combination/synergy, or by alternative means. The methodological principle
of project management in the field of risk management has proven to be a suitable
approach for managing risks in the information systems of transport companies and
can also be applied to risk management in the information systems of other types
of companies.

Keywords: information security; information system; risk management; risk
management methodology; risk management strategies; transport companies

1. Introduction
Uncertainty and risk are inherent components of business life, and it is dangerous
to ignore or deny their impact, as many things can go “wrong.” Risk management is
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particularly emphasized in project management, being one of the nine fundamental
knowledge areas of the discipline itself [1]. It also draws on creative techniques
that employ various modes of thinking to solve complex problems, with one of the
key approaches being consideration of potential risks, dangers, damage, and the
downsides of ill-considered decisions, which are known as the “black hat” in the Six
Thinking Hats technique created by Edward de Bono (for example see Ref. [2]).

Potential threats, negative impacts, and harms arising from uncertainty are
described using the terms uncertainty and negative risk. Uncertainty refers to a
lack of information, knowledge, or understanding regarding the outcome of an
action, decision, or event. Management often suffers from such a lack, which is
crucial for effective decision-making. Risk is a measure of the degree of uncertainty
and is directly related to the availability of information. The relationship between
information and uncertainty is illustrated in Figure 1.

No
Information Some
Information
Complete
—____ Information
- Total
. Certaint
Relative Y
Total Uncertainty

Uncertainty

Figure 1. Risk relationship between information and uncertainty,
taken from Ref [3]

Effective risk management requires the identification of threats, which are
specific events that may lead a business system toward undesirable outcomes such
as deadline overruns, cost overruns, poor quality, or failure to maintain business
continuity. In digital business, risks arise from the intensive use of information
systems and technology, which are essential for supporting and improving
business processes and the overall functioning of any enterprise. Digital business
risks depend on three variables: the assets of the business entity (both material
and financial), threats (incidents, unwanted events), and vulnerabilities (system
weaknesses resulting from poorly implemented control mechanisms), hence:

(1) Risk = f (assets, threats, vulnerabilities)

The manifestation of risk can be either direct or indirect and is typically reflected
as a material or financial loss [4]. Material or financial loss occurs in relation to
informational assets, which include everything that holds value for an organization,
serves as information or contains it, and is used in service support processes based
on that information [5]. According to Ref. [6], informational assets encompass
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all resources that store, transmit, create, use information, or are information
themselves.

Information systems of transport companies, regardless of the mode of
transportation (automobile, bus, truck, rail, maritime, air, etc.), do not fundamentally
differ from the information systems of other companies, as disruptions in these
systems lead to similar or even greater negative consequences when security is
compromised. In fact, if confusion arises within the information system, business
operations and costs are quickly affected. For example, disruptions in timetables
or the place/date of dispatch directly impact business efficiency. Therefore, every
transport company should have a well-developed risk management scheme for each
identified risk, with particular attention to those of higher magnitude.

2. Purpose, Objective, Problems, and Hypotheses of the Research

The purpose of this paper is to present a rational way (methodology) for
improving information security in transport companies using a project risk
management methodology. The main goal of the paper is to identify the most
critical/riskiest parts of the transport company’s information system and to propose
measures/strategies for reducing certain fatal risks for these risks.

The problems of the work are defined as questions, hypotheses as hypothetical
answers to the problems posed:

P1: What are the threatening risks for the information system of transport
companies?

HI1: It is possible to identify numerous risks of the information system of
transport companies.

P2: Which risks of the information system of transport companies can be
considered fatal risks (high-risk risks/risks in the high-risk zone), and which are
medium and low-risk risks?

H2: It is possible to quantify kill risks (high-level risks) as well as medium and
low-level risks.

P3: How to manage (which strategy) each of the quantified information system
risks of kill (high), medium and low risk levels?

H3: Itis possible to manage the identified and quantified risks using one of six (6)
risk management strategies.

3. Research Methodology

For the first problem, the project risk identification methodology from Ref. [3]
was used. Using the brainstorming/brainwriting method as well as thinking about
potential risks/problems (answering the question: “What could go wrong?”), the
risks of the information system were identified. Answers were offered with regard to
experience, problems observed in information systems of other types of companies,
and hypothetically possible threats.
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The formula was used to solve the second problem, i.e. risk quantification:
(2)
R = probabilityof a risk event x strengthof therisk impact if it occurs.

The rating scale is 10 points for each element of the product (factor x factor).
The results obtained are presented graphically for a clear representation of the risk
zone (high, medium, low). The authors of the paper were the evaluators of each
risk. The risk zones are presented in Fig. 2.
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Figure 2. Identification of Risk Zones/Severity Levels, taken from Ref [3]

In the third problem, high (kill risks), medium and low level risks were linked
to 6 different strategies. For those risks for which a suitable strategy could not be
found, a new strategy, or alternative coping strategy, was proposed.

4. Research Results and Discussion

4.1. Identification and Quantification of Information System Risks in a Transport
Company

The list of identified information system risks was obtained using the method
of experience and creative production of the authors. A total of N=44 risks were
identified, which are also descriptively explained in an unpublished paper [7]. After
identification, all of the listed risks were quantified. This was necessary to distinguish
those risks that are high-level — the so-called high-threat/lethal risks — from those
of medium and low-threat levels. The identified and quantified information system
risks are presented in Table 1.
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Table 1. Information system risks, their probability, impact strength
and product (danger level)

Types of identified risk Probability | The strength Multiplier (danger
of risk of the risk |level). 1=kill (70 — 100);
occurrence | impact if it 2=medium (40 — 69);
occurs 3=low (<39)
1. Theft of media and documents |4 8 32
2. Unauthorized changes to the |6 9 54
system
3. Password security 8 9 72
4. Hacker attacks using specially |9 9 81
crafted messages
5. Unauthorized entry into 3 8 24
physical space
6. Interception of compromising |2 7 14
interference signals
7. Interception of information/ 4 9 36
espionage
8. Eavesdropping 5 8 40
9. Error in the application/use of |4 7 28
the application
10. Data loss 8 9 72
11. Loss of integrity of sensitive |1 9 9
information
12. Mismatched/incompatible IT |5 6 30
equipment and resources
13. Electromagnetic interference |1 6 6
14. Flood/moisture/water 2 9 18
15. Fire/excessive temperature/ |2 10 20
heat
16. Various natural disasters 1 10 10
17. Main event nearby 1 4 4
18. Failure or interruption of 2 8 16
power supply networks/power
outage
19. Denial of services (DoS) 5 7 35
20. Failure or interruption of 6 6 36
communication networks
21. Coercion, blackmail or 3 7 21
corruption
22. |dentity theft 5 6 30
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Types of identified risk Probability | The strength Multiplier (danger
of risk of the risk | level). 1=kill (70 — 100);
occurrence | impact if it 2=medium (40 — 69);
occurs 3=low (<39)
23. Misuse of personal data 6 7 42
24. Malicious software 7 8 56
25. Denial of harmful actions 4 7 28
(sabotage/damage)
26. Unauthorized use or 6 7 42
management of devices and
systems
27. Abuse of authority/privileges |5 8 40
28. Accidental loss of storage 4 6 24
devices/media and documents
29. Sabotage/damage 3 8 24
30. Poor planning or lack of 4 5 20
adaptation
31. Disclosure of sensitive 3 8 24
information
32. Information or IT products 3 7 21
from unreliable sources
33. Hardware or software 2 8 16
manipulation
34. Information manipulation 3 7 21
35. Destruction of devices or 2 9 18
storage media
36. Device or system failure/ 4 6 24
malfunction
37. Pollution, dust, corrosion 3 6 18
38. Lack of financial resources 3 7 21
39. Lack of material and 3 6 18
information/IT resources
40. Lack of human resources, i.e. |5 7 28
staff / lack of trained personnel
41. Software vulnerability or 3 8 24
errors
42. Violation of laws/regulations |2 9 18
43. Adverse climatic influences 2 9 18
44. Social engineering 3 6 18

4.2. Linking Risks with Response Strategies
The identified and quantified threats in the next step are linked to coping
strategies, and the main way of implementation is shown in Table 2.
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Table 2. Risk response strategies

Strategy Low-risk threats Medium-risk threats High-risk threats
. . Unacceptable, because
Ignore Frequently applicable Caution, <_)n|y if the CO.StS the consequences could
of protection are too high b
e great
. . . Useful when exposure
Avoid Almost not used Sometimes, if there is an can be avoided

ier alternativ
easier alternative completely

Very common,
especially through

Rarely, unless already
covered by insurance

Common practice (e.g.

Risk transfer . .
insurance, outsourcing)

insurance
= . Useful if it is cheap Recommended to Mandatory, first line of
revention . S
and simple reduce the likelihood defense
Impact If the consequences | Often used in Required in combination
: are known and conjunction with ;
reduction tolerable prevention with other measures
Recommended —

Contingency
planning

Rarely, unless it is
part of a larger plan

Necessary — part of any

prepare for the worst- : "
serious security plan

case scenario

Avoidance strategies for certain security risks in transport companies are sometimes
possible butrarely fully feasible in daily operations. For example, switching to biometric
authentication can reduce password-related risks, while spear phishing exposure
can be limited through secure communication channels and email filters. However,
in cases like data loss, avoidance is not an option due to the essential role of digital
data processing in logistics, making prevention and contingency planning crucial.
Ignoring risks is generally unjustifiable, and although risk transfer through insurance
or outsourcing (e.g., cloud services, Managed Security Service Providers) can reduce
the burden of consequences, while reputational and legal damages remain the company
responsibility. Risk mitigation strategies for weak passwords include enforcing complex
password policies, implementing multi-factor authentication, rotating credentials
regularly, and using password managers with breach detection integration. For spear
phishing attacks, effective strategies involve targeted staff training, secure email
filtering, sender authentication protocols, and link/attachment sandboxing, supported
by incident response and containment plans. In the case of data loss, the most robust
strategy combines regular immutable backups (3-2-1 rule), access control based on
user roles, offline storage, and predefined RTO/RPO parameters to enable rapid system
recovery and maintain operational continuity. Here, we have briefly outlined only the
strategies for high-risk threats, while a more detailed analysis, including strategies for
medium-risk and low-risk threats, is presented in the unpublished study [7].

In this way, all identified and quantified risks are linked to coping strategies,
which achieves significant progress in managing risks in information systems of
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transport companies. Thus, the project approach has proven to be a good tool in
managerial risk management of information systems.

Conclusion

Concisely summarizing the obtained results of this work, the following
conclusions can be drawn:

P1/H1: Information systems of transport companies are exposed to numerous
threats that include technical, organizational, human, legal and natural risks.

P2/H2: Based on a quantitative analysis of the probability of occurrence and
the strength of the impact of each of the identified risks, it is possible to clearly
distinguish the risks of the information system of transport companies according
to their level of danger. The results shown in Table 1. confirm the hypothesis that
it is possible to identify kill, medium and low-danger risks. Risks such as hacker
attacks with specially crafted messages, password security and loss of business data
are classified as fatal because they achieve high product values (above 70), which
indicates their extreme harmfulness and high probability of occurrence. Most risks
belong to the low-level category, most often due to low probability or limited
impact. Such a categorization allows for the adoption of targeted and prioritized
security measures, with an emphasis on proactive protection against high-level
risks, thereby contributing to the resilience and continuity of information systems
within the transport sector.

By linking the identified and quantified information system risks (P3/H3), it
can be concluded that effective management of information system risks of fatal,
medium and low levels of danger can be achieved by applying one or more of six
risk management strategies, possibly their combination/synergy, where the choice
of strategy depends on the type and nature of the individual risk. In situations
where complete control over the risk is impossible or too expensive, a risk transfer
strategy through insurance or contracts with external service providers may be an
appropriate solution. Proper application of the strategy requires understanding the
specific context and assessing the benefit-cost ratio for each individual risk. This
confirms that all identified risks can be managed with a targeted strategy, thereby
reducing their harmfulness and increasing the resilience of the information system
of transport company.
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Abstract. With its three metro lines in the city of Sofia, the operator
Metropolitan EAD takes the central share in the portfolio of the capital’s urban
transport. The implementation of a CBTC system for signaling and train operation
on the third metro line in Sofia is undoubtedly the most high-tech transport project
ever happened at the territory of the Republic of Bulgaria. The challenges for the
implementation of this project are enormous both for the employer — Metropolitan
EAD, and for the civil works contractors and in particular for the contractor of the
signaling systems. This unique technological leap for the capital’s urban transport
had a strong reflection on the national level, placing Bulgaria second in the world
and first in Europe with the implementation of the specific software package for the
constituent set of subsystems. The main goal is a safe, fast and comfortable transport
service for the residents and guests of the capital. This process is accompanied by
several new requirements, a need to reconsider the current conventional model and
introduce changes in the daily operation, maintenance and management of the urban
railway infrastructure. This report provides an analysis of the results in terms of
operation, changes in the operator profile and passenger behavior several years after
the introduction of urban rail transport with a GoA3 automation level train control
system in Sofia. Looking ahead to potential future upgrades to the line and the
corresponding additional benefits that can be achieved through them are provided.

Keywords: urban rail transport; passengers’ safety; CBTC; GoA3; signaling
system; automatic train control

1. Introduction
The automated metro line three in Sofia represents a significant step towards
sustainable and intelligent urban transport. It is expected to improve the quality of
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life, reduce the environmental footprint and increase the efficiency of the transport
system in the capital. The key indicators for the quality of the transport service
provided are the safety and comfort of passengers, its reliability and speed of
movement. Of course, the introduction of technology of such a level for the first
time in the country, as the pilot project in terms of the set of systems for automatic
train control and line management, has its challenges. The main signaling system
implemented on metro line three in Sofia is based on IEEE 1474.1 Standard for
Communications-Based Train Control (CBTC) Performance and Functional
Requirements [1]. In matter of automatic train operation (ATO) the grade of
automation is GoA3. This level of automation is considered as a Driverless Train
Operation (DTO) where the personnel still accompany the train but can move away
from the cabin [2]. However, at the request of the operator — Metropolitan — the
trains have been delivered with separate cabins with a driver control panel and
a chair. Therefore, the doors and the departure of the train from the platform are
controlled manually from the cabin. With the section of the first eight stations being
put into operation in 2020, and then in 2021 four more stations added, the third
metro line in Sofia is still considered young. The operation of the line itself and its
control systems have not been studied yet. The purpose of the report is to explore
the trend of behavior of the line control systems and how automation changes
the behavior of passengers and operating personnel. This document provides an
analysis of the operational results of the interaction of the set of different signaling
subsystems implemented on the line, and the new order that automation leads the
transport service to.

2. Material and Methods

This article is based on observations made during the actual passenger operation
of the line and examines the factors that affect the transport service. The transport
service directly depends on the availability and reliability of the main signalling
subsystem: Automatic Train Control (ATC) including its Radio/Data Communication
System and Interlocking system (IXL), Automatic Train Supervision (ATS), Power
Supply/ Distribution (PDC), Platform Screen Doors (PSD), Public Information
System (PIS), and the actions of operational and maintenance staff and the behavior
of passengers. The scope covered by this report is shown in Figure I Areas of
observation covered by the report. The trains are only considered with their onboard
signalling equipment. All of these could affect the presence of the service and its
smoothness.
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Platform Screen Door

Figure 1. Areas of observation covered by the report

The headway (the time interval between two successive trains moving along
the same track in the same direction) offered by the Automatic Train Control
(ATC) system is just 90s [3]. The public operation on metro line three in Sofia is
available from 05:00h to 23:45h. The rest of the time the line is used for planned or
corrective maintenance, training and other non-passengers’ related activities. Due
to the current needs of the operator, the headway used is up to 5 min, see Figure
2 Weekday timetable of M3 line in Sofia, July 2025 [4]. However, to follow the
timetable strictly there are additional conditions to be considered.

Full timetable

@ o (@ weekbay () HoLipay

To GORNA BANYA (318) v Stop HADZHI DIMITAR - 305 9

04 0s 06 o7 os 09 10 1 12 13 14 15 16 17 18 19 20 21 22 23 00
oo 03 02 01 02 04 05 01 04 0o 03 06 0s 0s 05 0s 04 oo 00

08 12 0s o7 o7 10 12 08 1 o7 10 12 1 1 1 1 1 07 08
18 21 15 12 13 17 19 15 18 14 16 19 17 17 17 17 18 14 21
27 30 21 18 18 23 26 22 25 21 24 27 23 23 23 23 25 21 33
36 36 27 23 24 30 33 28 32 27 31 34 29 29 29 29 32 30 45
45 43 33 28 29 37 40 36 38 35 38 41 35 35 35 36 39 40
54 49 39 34 35 44 47 43 46 42 45 47 41 41 41 43 46 50

56 45 40 40 51 54 48 53 48 52 53 47 47 47 50 53

50 45 45 58 57 56 59 59 53 53 53 57
56 51 51 58 59 59
56 57

Figure 2. Weekday timetable of M3 line in Sofia, July 2025 [4]

277



Tomov, Dimitrova

Failures of single components reduce the redundancy but normally should not
have an operational effect. However sporadic inconsistencies between different
software applications running in parallel could lead to looping and blocking of
the entire system. The information about the subsystem’s hardware availability has
been obtained via the implemented dedicated Service and Diagnostic (S&D) tool.
It is a software application that indicates the hardware alarms for both wayside and
onboard signalling equipment and proposes corrective actions to the maintenance
personel. Fluctuations in system reliability could come from the simultaneous
operation of different but interconnected software applications. The observations
about these cases are based on cases registered during the warranty and post-
warranty support.

Despite the automation of the line, the human factor, as far as operational
and maintenance personnel, as well as the passengers themselves, can cause
a malfunction in service. Any time an operator (e.g., train delocalization) or
technician intervention is required (e.g., platform screen door issue), there is
a risk of misjudged actions that could exacerbate the problem and further delay
according to the timetable. Automated operations must guaranty passengers’ safety
[5]. As a safety strategy measure there is a half-height platform screen door (PSD)
structure at all stations of metro line three. Their main function is to guarantee
the passengers’ safety as they have a role of a physical barrier to the track side. In
addition, the PSD structure is also supposed to reduce the piston effect when trains
enter the station and hold the wave in case of flood from the track side [6, 7]. Trains’
precise positioning according to the openings of the PSD structure is important
for maximum comfort during the passenger’s exchange [8]. Passengers on Metro
Line 3 in Sofia got used to recognize the opening parts of the PSD structure and to
group waiting around them. This optimizes the waiting time of the trains so that the
schedule is not delayed.

On Metro Line 3, trains must stop at a fixed point on the platform (a stopping
window) with an accuracy of +/- 30 cm [1]. Figupe 3 Stopping accuracy of train
BO15 on 04 July 20025 at Krasno selo metro station, platform 1, provides a shot
of precise train stopping. However, this might not be valid all the time. This is an
important moment for the operation, because if a train stops outside the stopping
window the train doors will open automatically but platform doors will not. They
will wait until the operator opens them manually via the system. If a passenger
opens a platform door from the emergency handle at the train side and then leaves
this door open, this will lead to a need an operational personel to go to the platform
to close it. Until then the train will stay standstill, this will cause delays for this
train and very likely for the next coming. The observations here were collected by
monitoring of such similar situations during drives and operation. Of course, here
the error can become cumulative. For example, when doors on a given platform
need to be manually opened, the on-duty station operator opens the doors on the
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opposite platform. In this case, all trains in the area of the station and its entrances
and exits sections will be automatically stopped by the CBTC system, as there
is a possibility that a passenger will fall onto the railway tracks. This is already
considered as a safety-related case. Such an operation disruption decreases the
comfort of the transport service.

Figure 3. Stopping accuracy of train BO15 on 4 July 2025 at Krasno selo metro
station, platform 1

Also, in case of obstacles to the platform doors, the time needed for verification
by the system extends the train’s dwell time as per the following formula:

()T =2 + N8 =

where “T [s]” is the train’s dwell time in seconds and “N” is the number (1, 2, 3)
of a platform door reopening and closing in case of obstacle. After the third
unsuccessful attempt to close the door, the system considers there is something and
remains open waiting for an operational personel to come and check it on the spot.

3. Results

Usually at the very opening of the public operation certain hardware may fail more
often and some software applications may need more adjustments. The third metro line
in Sofia was no exception to this. But more important is how the system behaves after
this period has passed. The statistics for hardware availability and software reliability
for the first six months of line operation for 2025 are shown in Figure 4 Overview
of signaling systems behavior for M3 line in Sofia, January — July 2025. High level
of availability the system is achieved by using the full redundancy for both the track
side and the on-board equipment. As communication with trains is crucial for the line
operation, the radio of the CBTC signalling system is required to achieve availability
higher than 99,98%. In fact, the operation of the line has never stopped. This means that
key indicator has been achieved at the time of the report. It should also be noted that
the planned 100% passenger safety and no incidents have been also met. Given these
circumstances, the focus of the observation of transport service on the third metro line
falls on the ability to adhere to the time schedule and passenger comfort.
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The stopping accuracy depends on the tracks conditions, atmospheric influences,
the train’s passenger load, the tolerances in the sensors and systems of a given
train, the selected train operation mode. Stopping accuracy measured on line three
in Sofia is shown in Table 1. Where the values are with a “+” sign, it means that
the train has passed the stopping point, i.e. the place where the train doors would
be centered relative to the location of the platform doors. Values with a “-* sign
mean that the train has stopped before the stopping point. In any case all measured
values are within the norms of the stopping window (+/- 30 cm) and allow normal
passenger exchange.

Table 1. Stopping accuracy of train BO13 measured on 29" of July 2021

Metro Station Platform 1 Platform 2
05 Not in use for the moment +18 cm
06 +16 cm +14 cm
08 +13 cm +16 cm
09 +13 cm -1cm
10 +16 cm +3 cm
11 +10 cm +6 cm
12 +21cm +7 cm
14 +17 cm +7 cm
15 +9 cm +5cm
16 +7 cm +3 cm
17 +11 cm -1cm
18 +8 cm +13 cm

The observed characteristic operational advantages and disadvantages of the
signaling system solution for the third line of the Sofia metro are listed in Table 2.

Table 2. Line M3 in Sofia signaling systems operational observations

Advantages Disadvantages
The hardware is extremely stable. Also, Moving parts of the PSD needs regular
exchanging a replaceable unit when needed |maintenance. If this is ignored, it will
takes a little time and can be done without lead to a disrupted transport service and

interfering with operation. delays.

The implemented pilot software package

allows easy monitoring and control of Software is an alive system. The updates
the metro line and supports the work of close some issues but often bring new
maintenance personel. ones.
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High qualified personel is required.

The operational staff is provided with a highly | A mistake when solving a small problem
functional system with multiple capabilities, | can dramatically increase the severity of
including event recording and playback. the situation.

Passengers’ abnormal behavior could
Passengers are guaranteed 100% safe and | cause disrupted transport service and
comfortable trips delays.

Conclusion

In general, the signaling system of metro line three in Sofia is a high-tech product
that meets the requirements for safety, preventing the occurrence of critical situations.
The availability and reliability of the transport service seems to be limited to a much
smaller scale of hardware failures and replacement. More often, adjustment or restart,
tightening is required. More often, restarts, adjustments or simply fixation tightening
are required. An important factor is the quality and conditions of the initial installation
- dustiness of the room, working without air conditioning, vibrations, etc. A problem
with the software of the system is often reflected in a delay in the time schedule.
For example, train delocalization requires the train to move at a limited speed of 20
km/h to the next section, and sometimes even longer. Given the automation of the
line, the dependence of the quality of the transport service on the behavior of the
operator’s staff and on the passengers themselves should be low. However, the fact is
that they have their importance and in practice this cannot be ignored. It requires the
presence of highly qualified personnel with constant maintenance of knowledge and
the implementation of refreshing training. The goal from the passengers’ perspective
should be to achieve higher awareness and culture of behavior.

With the future line extension/ branching it is expected that on a certain section on
the line there will be an alternate movement of trains for two different destinations.
This will lead to decreasing the headway into half [9].

As a next step in the development of the line three control system, future
upgrades with already available systems for automatic analysis of aggregate
operational information can be envisaged, which provides advice on optimizing
line management and maintenance and offers the operation personel preventive
actions at an earlier stage, before corrective actions are required.
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Abstract. The report presents the application of the fault tree analysis method in eval-
uating the reliability of equipment included in railway signaling systems. To calculate the
reliability indicators, the algebra of random events is applied, where failures of individual
components are treated as such events. The study aims to identify the relationships be-
tween failures of individual components and the overall (final) system failure through
logical modeling of their interdependencies. Fault tree analysis provides a symbolic rep-
resentation of the conditions that may lead to a system failure, using logical operators
to define the relationships between individual component failures and the final failure.
This approach helps identify weak points, assess redundancy, and verify compliance with
the specified safety and reliability requirements. As an example of logical modeling us-
ing fault tree analysis, an automatic level crossing system (ALCS) was examined. The
analysis aims to present the relationship between failures in the barrier mechanism, the
control circuitry, and the track sensors, and how they may lead to a common system-level
failure — in this case, the crossing remaining open when a train is approaching. Based on
the constructed fault tree and predefined failure rate values, the main reliability indicators
related to the final system failure were calculated: probability of failure-free operation,
probability of failure, failure rate, downtime factor, availability factor. The methodology
enables assessment of the current state of these indicators and supports planning, technical
maintenance, and informed decision-making for the optimization of railway infrastructure
systems. The method is applicable both to existing systems and at the design stage.

Keywords: fault tree analysis; reliability; railway transport; failure rate; down-
time factor; availability factor

1. Introduction
The interconnection of technical components (e.g., railway transport facilities)
in terms of reliability can be realized in three ways: series, parallel, or mixed. In
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series connection, the failure of a single component leads to the failure of the entire
system. In parallel connection, all components must fail for the system to fail. Mixed
connection is obtained by combining serial and parallel connection. Reliability
calculation can be carried out by formulating a mathematical model of the system
or by means of a functional diagram. The second method is applicable only when
the elements in the system are connected in series. After compiling a model of the
technical system, the stage of performing analysis follows. During the analysis,
mathematical expressions must be defined, allowing for the direct substitution of
experimental data in order to calculate the system’s reliability indicators [1].

The purpose of constructing fault trees is to trace which specific failures (of
components or subsystems) can lead to failure of the entire system. The construction
of' these trees is achieved by logically connecting the individual events — the failures
of the basic elements — using the operators “AND” and “OR”.

It is characteristic of the logical “OR” operator that it is used to represent series-
connected elements. When the failure rate of the initial elements is constant, the
resulting failure rate represents their sum. When using the probabilities of failure-
free operation P(7), the resulting probability is the product of the probabilities of
the initial elements.

The logical operator “AND” is used to represent parallel connected elements.
When the failure rate of the initial elements is constant, the output failure rate is a
function of time. When using the probabilities of failure, the resulting probability is
the product of the probabilities of the initial elements. Therefore, when calculating
the logical “AND” operator, unlike the logical “OR” operator, the probability of
failure Q(?) is used instead of the probability of failure-free operation.

When combining the above-mentioned operators, a third logical operator is
obtained — the quorum function. It is characteristic that a precisely defined number
of basic elements M, out of all N elements, must fail in order for the entire system
to fail. When M = 1, the quorum function is equivalent to the “OR” operator, and
when M = N, the operator corresponds to “AND” [2].

When calculating the downtime factor, the following formulas are used:

— For the logical “OR” operator:

-4 _ T M
(DKp =1 =17

— For the logical “AND” operator:

@) Kp =TI, (1 - 7).

where K, is the downtime factor, 7 is the number of elements, included in the input
of the logical operator, 4; is the failure rate of the i-th basic element, ; is the repair
rate of the i-th basic element.

286



Reliability Assessment of Railway Signaling Systems Using Fault Tree Analysis

When calculating the availability factor, the following formula is used:
B)Ks=1—-Kp

When calculating failure rates, the following formulas are used for the logical
operators:
— For the logical “OR” operator:

4) A, =40+ A0+ ... +24,(), if 3,(8) =2,(t) =... = A,(8) =
const, then

(5)2,(t)= 4, = n.4,

where 4, denotes the failure rate of the system under consideration as a whole
(the top-level failure), expressed as a function of the failure rates of the individual
components in the fault tree structure. The index p comes from the English word
“primary” [3].

— For the logical “AND” operator:

(6) A5 (8) = (X, 4,(Z, = DYIT=, 2, — 1} where:
2=

In reliability theory, it is accepted that for every technical element or system, the
probability of failure-free operation P(f) and the probability of failure Q(¢) always
sum to 1. This is because the two events are considered complementary, mutually
exclusive, and collectively exhaustive of all possibilities [4]:

@®)VP(t)+ Q(t)=1

2. Calculation of Reliability Indicators using the Fault Tree

2.1. Description of the Fault Tree Diagram

An automatic level crossing system (ALCS) is considered, with the top event
being the failure of the crossing to close when a train approaches (Fig. 1). Three
events are presented, and a fault tree has been constructed. Normally, when the
level crossing is open, the road signal relay (RSR) is activated. The condition for
closing the level crossing is the occupation of any of the pre-crossing sections, as
a result of which the RSR releases and activates the light and sound signals. The
barrier mechanism is controlled by a closing relay (CR) — it is normally activated
and the barriers are raised. When the conditions for closing the level crossing are
met, it releases and triggers the lowering of the barrier gates. When the conditions
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for opening the level crossing are met, the CR is activated again, and the barriers
are raised. The RSR is also reactivated when all conditions for opening the level
crossing are met, i.e., when the train has cleared the crossing and the barriers are
raised. To register the actual passage of the train through the crossing and to activate
the RSR and CR, a normalizing relay (NR) is also included in the circuit. Two
auxiliary direction relays (even and odd) are also used to determine the direction of
the train’s movement [5].

The train’s entry into a given pre-crossing section is detected by a track sensor.
The presence of a train can be detected using track circuits or point sensors. In the
first case, two track circuits cover the two pre-crossing sections, with one acting as
the entry circuit for the train movement and the other as the exit circuit. To register
the train’s entry, the track relay of the entry circuit is released, which closes the level
crossing. To open it, a third track circuit is required, which controls the level crossing
itself. Failure to activate any of the track circuits leads to untimely opening of the
crossing when accidental occupation and release of sections of the track occur [6, 7].

In the second case (the level crossing has point sensors), four sensors are
required. Two of them correspond to the train entering a given pre-crossing section,
while the other two monitor the actual passing of the train.

If any of the sensors fail to activate, it leads to untimely opening of the level
crossing.

In the constructed fault tree, the first event is assumed to be the failure of the
track sensor to activate.

The second event is a dangerous failure in the control circuitry — manifested
as a violation of the condition for closing the level crossing when the pre-crossing
section is occupied. The RSR remains activated [8, 9].

Alogical “AND” operator is used for the two events, as both failures must occur
in order for a train to enter without the level crossing being closed.

The third event leading to the final failure is included through the logical “OR”
operator — failure in the barrier mechanism. The cause of the failure may be a
malfunction in the CR, which fails to send the closing command, or a failure in the
barrier’s drive mechanism [10, 11].
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Figure 1. Fault tree representing the conditions leading
to a specific failure in the ALCS

2.2. Algorithm for calculating reliability indicators

The basic elements are described by an exponential distribution, using the
formula:

(9) P(1) = e At

The following indicators need to be determined:

i. The probability of failure-free operation of the technical object for 1300 h —
P(1300) = ?, using formula (9) (The probability of failure-free operation of the top
event from the fault tree shown in Fig. 1 is to be determined). The initially given
values for the basic elements are as follows:

2 =13.10752 4, =17.1075 =, 4, = 21.1075 =;
h R R

ii. The failure rate for an operating time of 7= 1000 h, if the initially given values

for the basic elements are as follows:
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. =1 =1 .
i, =11.10°5 i,i{: =15.107% —, 43 =27.10 5 — using the
formulas (4), (5), (6) and (7);

iii. The downtime and availability factors of the top event, assuming the repair
rate is 1 = 0,05 1 and the initially given values for the basic elements are:
h
A, =47.107% 2, 1, = 53.10~* i"‘ﬂ =47.10°% i using the formulas (1),
(2) and (3);

2.3. Calculation Results

Performed calculations for the three groups of indicators:

1. The calculation is performed in parts, as there are two blocks. In the first block,
the logical operator is “AND” — “The resulting probability of failure Q(¥) is equal
to the product of the failure probabilities of the basic elements”. For this reason, the
probabilities of failure and failure-free operation of the basic events are first determined:

— Probability of failure-free operation of the first basic event P (¢):

_ —Ayt _ o—13.1075. _ -0 o
P(=eti=¢ 13.10751300 = o (-0.185) yay () 84
— Probability of failure of the first basic event @, (t):
(10) @u(t) =1 — P (£) ¥~ 1 - 0,84 ¥~ 0,16

(The formula is a direct application of the algebra of events, as the events
“failure” and “failure-free operation” are considered complementary events) [12].
— Probability of failure-free operation of the second basic event £ (t}:

P, () = e~af = g=17:10751300 _ ,(~0221),(~0.221) & () 80
— Probability of failure of the second basic event @.{t):
Q2(t)=1— P,(£) % 1-0,80 % 0,20

After calculating the probabilities of failure and failure-free operation of the
basic elements, the probabilities for the two branches of the tree and the top event
are also determined.

First block (branch):

Since the logical operator is “AND”, the resulting probability of failure is the
product of the failure probabilities of the initial elements.
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(11) Quioce1 = @ult) . Q2(2) ¥ 0,16.0,2 % 0,032
Pyiock1= 1= Quiocrr ®1-0,032 % 0,968

Second block (branch):

It contains only one event, so the probability of failure-free operation is
calculated directly:

Pyiocc s = €75t = g~ 2110751300 — £(-0273) 3 ) 76

Finally, the probability of failure-free operation of the top event is determined:

With the logical “OR” operator, the values of the failure-free operation
probabilities of the two blocks are multiplied [13]:

(12) Prop evems = Potoerc1 - Priocr2 ¥ 0,968 . 0,76 % 0,736

ii. The failure rate is to be determined for an operating time of t = 1000 h

For Block 1, with a logical “AND” operator, formulas (6) and (7) are used:

41'_':3'__1}+41=':3:_1}
H'_.Hg_l

The two basic events have the following values: 4, = 11.107% ?—t

From formula (6) it follows: Asiock 1(t) = Apioe 1(1000) =

and 4, = 15.1075 i

. 1 1
From formula (7) it follows: z; = i i Tiow
1 1
= — = 79,62
1-s-011 10896
1 1 1 1
z, = = 7,14

2 1—g—Ast  |— g-15107%1000  |_ o—0I5  1_ 036

2,.2,=9,62.7,14 = 68,68
M.z —1)=11.1075. 8,62 % 9,48. 10—+
Aa(zo —1)=15.1075.6,14 ¥ 921, 10~*

A.(zy — 1)+ Ap.(22 — 1) =9,48. 107 + 9,21, 10™# = 18,69. 10™*
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The final result is:

lz =1 +As0=—1)  18e9.00%
Zym.—1 68,68 —1

Aptock 1) = Apipa1(1000) = =276.10"% i

The failure rate of Block 2 is given by the problem statement, as it contains only
one basic element:
Aproc 2(t) = Ag = 27.1075 ?—t

The failure rate of the top event is formed as the sum of the failure rates of the
two input blocks, since there is a logical “OR” operator. As indicated in formula
(4), the individual failure rates will be added:

ATDp Event{:t} = Ablock 1 (t) + Ablock 2{:3} =276.107%+27.107° =

29,76.107°

iii. The two blocks are considered again, and formulas (1), (2), and (3) are used:
For Block 1, the operator is logical “AND:

glockl (l - - f.l-_)' (1 T fj_:) B

(1~ 2vooom) - (1~ G raoma) ™ 00823

In Block 2, there is only one basic event, and its downtime factor is:

Az 000047
pw+d; 0,05+ 0,00047

KlockZ — % 0,009312

The downtime factor of the top event is:

(13) Ky P =7 = 1 — (1 — KZWo 1) (1 — KZ1°°% 2)=1(1-0,00823) . (1
0,009312)=0,01746

The availability factor of the top event, according to formula (3), is:

LTopavent LTop event
K, =1- K, = 0,9826
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Analysis of the Results

The calculated probabilities of failure-free operation P(¢) and of failure Q(7) for the
basic events in the fault tree reveal a distinction between elements with varying levels
of reliability within the system. The probability of failure-free operation for the first
basic event is approximately 0,84, for the second it is 0,80, and for the third it is lower
— 0,76. This draws attention to the third component, which in this case is the barrier
mechanism.

The probability of failure for the first block, obtained through the logical “AND”
operator, is relatively low — 0,032, which results in high reliability of this branch, P(¥)
~ 0,968. The final probability of failure-free operation of the ALCS (the top event),
obtained through the logical “OR” operator, is approximately 0,736. This means that,
given the specified parameters, there is approximately a 74% probability that the ALCS
will operate without failure up to the defined moment. Accordingly, there is about a
26% risk of failure.

The obtained values confirm the effectiveness of the fault tree method for identifying
weak links and highlight the need for targeted improvements in elements with high
failure rates.

For Block 1 (logical “AND” operator), the value of the downtime factor is
approximately 0,00823, and for Block 2 it is approximately 0,009312.

For the final event, a downtime factor of approximately 0,01746 was obtained, and
the corresponding availability factor is approximately 0,9826. This means that, at the
given moment, the system is capable of performing its function about 98% of the time.

Conclusion

The fault tree method is distinguished by its high clarity, the ability to clearly present
the logical dependencies between system components, and the comparative ease of
calculations. Compared to Markov models, which require a complex transition matrix
and often assume equal probability of states, fault trees allow for flexible description
of different scenarios through the use of logical operators. The method is particularly
suitable for the design phase, as well as for the analysis of existing systems with partial
or aggregated data [13].
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Abstract. The article presents a project of LoRaWAN network designed to
implement a “smart irrigation system”. The network architecture includes two remote
end modules connected to a standard gateway. The freely available The Things Network
(TTN) is used as a network server. The data are received and commands are sent
through the application server implemented on the Raspberry Pi platform. The received
data are stored in the specialized InfluxDB database. Their visualization in graphical
form is performed with Grafana. A Semtech calculator is used to theoretically determine
some of the important parameters of the network, such as its performance and energy
consumption. The limits for the size of the payload are calculated in such way to meet
the TTN server’s requirement for the network usage with a selected expansion factor and
bandwidth. The aim of the article is to investigate possible ways to improve individual
network parameters to obtain maximum range with a minimal energy consumption from
the batteries of the end devices. The experiments are conducted to validate the values
of individual parameters obtained from the calculations. The influence of the antenna
position of the end devices on the coverage area is also studied. For this purpose, the
TTN Map platform is used, on which the coverage areas with the corresponding signal
values are visualized on a real map (with real coordinates). Two different scenarios of
antenna placement are implemented. A mobile phone is used to obtain the geographic
coordinates, with the TTN Mapper application pre-installed on it. The application is
connected to the network server using the MQTT protocol, from where it receives the
data packets which are sent by the end devices. The data with added coordinates is sent
back to the TTN server, from where it is automatically transmitted to the TTN Map
server using the Webhooks method via the HTTP protocol. The calculated parametric
values are compared with the obtained experimental values, and conclusions are drawn
about possible options for the network expansion.

Keywords: LoRaWAN network; internet of things; wireless communications;
microcontroller; TTN mapper

1. Introduction
The integration of the capabilities of radio frequency identification
(RFID) for automatic recognition and tracking of objects with the capacity to
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transmit relevant information via the Internet infrastructure, with a view to
improving logistics processes, leads to the formulation of the concept of the
Internet of Things (IoT), introduced by Kevin Ashton [1]. The development of
information and sensor technologies, cloud computing, wireless networks, and
the transition to the IPv6 protocol made it possible to talk about “intelligent
systems”. In them, individual “smart things” are connected in a network and can
communicate with external systems via the Internet. Each node of the network
is able to perceive or influence the environment, process the received data and
wirelessly transmit or receive information. A set of rules for an exchanging
information between nodes in a reliable and secure manner has been created,
which has led to various communication protocols. The main characteristics by
which these protocols are compared and evaluated are: range of action; data
transmission speed; energy consumption; security; interoperability; ability to
easily expand the network; network topology; price. According to the data
transmission range, the protocols can be divided into two groups, short-range
and long-range wireless communication protocols. The first group of protocols
is implemented mainly based on the 802.15.4 standard [2], the most famous are:
ZigBee; 6LoWPAN; Thread; HART; Wi-SUN; etc. The main thing about them
is that they self-organize in a network, the communication between the nodes
is each with each other and the data transmission rates are low. The second
group is united under the name low-power long-range (LPWAN) protocols [3].
The protocols of this group can be divided into two subgroups depending on
whether the frequency range they use requires a license or not. The first group is
the protocols using existing cellular networks, but adapted for [oT purposes, the
most famous are: LTE-M; NB-IoT; LTE Cat 1; and LTE Cat 1bis. The second
group of protocols operates in frequency ranges that do not require a license,
while providing a range comparable to cellular. The most famous representatives
are: Sigfox; LoRaWAN; MloTy; Weightless; etc. With LoRaWAN, networks
with a large range of operation can be implemented at a relatively high data
rate and low power consumption. These characteristics are due to the patented
signal spread spectrum technology from the company Cycleo, which was later
purchased by the company Semtech, which produces receivers and transmitters
using the technology. Assessment of the quality and range of point-to-point
connections using only the physical layer of LoORaWAN are considered in [4, 5,
6]. The application of the LoORaWAN protocol in various areas and assessment
of its characteristics is made in [7, 8, 9, 10, 11]. A summary of the methods
for research and assessment of the characteristics of LoRa and LoRaWAN in
various loT applications is made in [12].

The article discusses the main parameters and dependencies of the LoRaWAN
protocol, which must be taken into account when designing a specific network. On this
basis, a specific architecture has been selected in order to implement an “intelligent
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irrigation system”. The calculations of some of the parameters, which are necessary
to meet the requirements of the public network server and network setup, have been
performed. The experiments have been conducted to evaluate the coverage range of
the gateway using different polarizations of the end device antenna.

2. Basic dependencies for the physical layer of the LoRaWAN protocol

In Europe, LPWAN uses the unlicensed frequency band 865 to 870 MHz. It is
divided into six sub-bands, which are subject to different combinations of the two
main restrictions applied to this type of network — the transmission power and the
channel occupation time (duty cycle) within one hour. The first channel is in the
range 865 — 868 MHz with a maximum allowable transmission power of 25 mW
and a duty cycle of 1%, which means that a node can transmit 36s within one hour,
requirements set by ETSI EN300.220-2 V3.2.1. Additionally, to increase noise
immunity and the ability to use the same channel simultaneously by several users,
spread spectrum technology is applied. For this purpose, the symbols are formed
from a different number of linear frequency modulation (LFM) pulses, in the range
of the selected channel bandwidth. The number of bits of the useful signal that are
transmitted with one symbol is called the spreading factor (SF). Depending on its
value, the number of different symbols, which are used with the corresponding SF,
is determined by the equation:

(1) dif ferent symbols = 2°F

The duration of transmission of one symbol is determined by the equation: [13]
L5F

@ T.==

Where B is the signal bandwidth. As many bits of the useful signal are transmitted,
the duration of the symbol transmission is longer, and the symbol bitrate is lower.
Since one symbol has SF bits, the transmission rate of one bit of information is
determined by [13]:

B
() By =5F

The addition of check bits to the information bits for the detection and recover
transmission error purposes results in a further reduction in transmission speed,
determined by the coefficient - coding rate (CR). It is determined by the ratio of the
number of information bits to the total number of bits sent.

The transmission time of one LoRa frame (Time on Air) depends on the selected
frame configuration. To facilitate the calculation of this time, there is a calculator
on the Semtech website [14]. With a given LoRa frame configuration, the number
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of bytes with useful information, the code rate, SF, and bandwidth, the required
frame transmission time is calculated, as well as the channel frequency parameters.
These are the received signal strength (RSSI), the signal-to-noise ratio (SNR), and
the channel budget (Link budget). To determine the last parameter, it is necessary
to know the sensitivity of the receiver used and the maximum transmitter power
when we receive its highest value. For the 868MHz frequency range, the maximum
permissible transmitter power is 14dBm (25mW). With a receiver sensitivity of
-130dBm, the channel budget is 144 dBm.

3. Architecture of the researched LoRaWAN network

A hybrid LoRaWAN network is used to implement a “smart irrigation system”.
The end devices, the gateway and the application server are managed by the
service user, and the network server is managed by the service provider The Things
Network [15]. The basic architecture of the system includes two MKR WAN 1310
communication modules. Data reception and processing is performed by a 32-bit
Arm® Cortex®-M0 SAMD21 processor. The LoRa connection with the gateway is
carried out with the CMWX1ZZABZ module from Murata. The LoRa transceiver
used in the module is SX1276. The ECC508 module is used to ensure protection
of the transmitted information. One end module is located directly next to the area
with plants, a soil moisture sensor and a humidity and air temperature sensor are
connected to it. The second is located in close proximity to the water tank, to which
the drip irrigation system is connected. This module includes a sensor for measuring
the water level in the tank, a solenoid valve for starting and stopping water to the
drip irrigation system, and a relay for turning on the pump for filling the tank with
water. It also includes an alarm for notification in case of problems with the tank.
The block diagram and algorithm of the system are shown in Figure 1.
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Figure 1. Block diagram of an “intelligent irrigation system”

The gateway is the Dragino LPS8, which provides 10 programmable parallel
demodulation channels based on the SX1308. Its location depends on the distances
between the two communication modules and is the subject of research. The
connection to the Internet depends on its location and can be stationary or mobile.
The application server is implemented on the basis of the Raspberry Pi single-
board computer. The collected data is stored in a specialized InfluxDB database,
and Grafana is used for their graphical presentation. The stored data can be used for
statistics for past periods and, if necessary, adjustments can be made to the system
settings.

4. Survey the gateway coverage area

The public The Things Network, which is freely accessible, was used as a
network server. In order to use it, the restrictions introduced by the administrators
were taken into account, namely the network connection time was limited to 30
seconds per day (24 hours) per node, and the messages from the server to the end
device were limited to 10 messages per day (24 hours) [15]. This was done by
using the calculator [14] to calculate the required Time on Air depending on the
parameters that can be set with the software for managing the end devices and the
gateway. The values of the individual parameters are shown in Figure 2.
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Figure 2. Data from the Semtech calculator

With the selected values of the individual parameters, the time for refreshing
the data from the end devices is determined, subject to the restriction — the time
for connecting to the network should be up to 30 seconds per day. The data from
the end devices are published without receiving acknowledgement from the TTN
server. To obtain data on the range of the gateway, in real operating conditions, the
TTN Mapper platform was selected. It provides the ability to compile a map with
the strength of the received signal from the end device at a specific point. In case
the end device does not have a navigation receiver, the built-in receiver in mobile
phones can be used. For this purpose, the TTN Mapper application for Android was
used. Receiving the data in the TTN Mapper mobile application, their integration
with the geographical coordinates of the relevant point and their transmission to the
platform TTN Mapper is shown in Figure 3.
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Figure 3. Block diagram of the connection between the individual platforms

To study the coverage, the end device with a temperature and humidity sensor
was used. It was placed in close proximity to the phone with the TTN Mapper
application installed. To receive the data from this device, the TTN Mapper
application on the phone was programmed as a subscriber to the MQTT broker
of the The Things Network platform. The metadata associated with the received
messages contain the signal strength and connection quality received from the
gateway. This metadata is integrated with the geographical coordinates of the
corresponding point and sent to the network server. The TTN Mapper platform is
connected to the TTN server using the Webhooks method. When data is received
in the broker, it is immediately sent for visualization in TTN Mapper. The same
data, if desired by the user, can be saved on the phone. It was chosen not to use
the coverage visualization offered by TTN Mapper, but to use the data saved in the
phone. They were further processed and stored as separate variables that were used
to draw the figures. To study the influence of the antenna position, experiments were
conducted in which the gateway was located outside a window, on the fourth floor,
in a building of the VTU Todor Kableshkov. The gateway antenna is vertical to the
ground surface, and the end device (ED) antenna is in a horizontal plane, in the first
experiment. The direction of movement is counterclockwise from the location of
the gateway. Its location and the locations where the terminal device was are shown
in Fig. 4. The positions of the ED are recorded on the figure. The obtained data for
the signal strength in the individual positions is shown in Fig. 5. The signal in the
30th position is the weakest, after it its value is less than the receiver sensitivity
-124.5dBm (shown in Fig. 2). The distance between the gateway and position 30 is
297m in a straight line.
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A repeat attempt was made along the same route, with only the position of the
ED antenna being changed, it was placed vertically relative to the earth’s surface.
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The results are shown in Figure 6 and 7. It can be seen that in the area where there
was no coverage before, the lowest RSSI value is now -118dBm. This provides a
margin of 6.5dBm, with which a greater range of operation of the gateway can be
achieved. The farthest distance in a straight line between the gateway and position
43 is 343m.

Conclusion

The projected LoRaWAN network makes it possible to implement a “smart
irrigation system” with affordable materials, at a relatively low cost. Basic
dependencies are presented for calculating network parameters necessary for
determining the size of the payload and the time during which messages are sent
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to the network server. The range of the gateway has been tested only in an urban
environment, with different polarizations of the antenna of the end device. The
experiments were conducted using an antenna without directional action (with a
circular diagram). It has been established that the range of action is greater when
the polarization of the two antennas (of the ED and the gateway) is the same. In
a specific application of the system (the location of the ED and the gateway is
known), directional antennas with a higher gain can be used, thus a much greater
range of action can be obtained. Taking into account the fact that the system is for
use outside populated areas, the coverage will also be greater. The proposed system
can be easily expanded by adding new ED, depending on specific needs.
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Abstract. The growing complexity of distributed telecommunication
environments, particularly in the context of the Internet of Things (IoT), edge
computing, and real-time analytics, demands more adaptive and scalable network
architectures. Traditional flat or static topologies are insufficient to support the high
level of dynamism, heterogeneity, and fault tolerance required by modern systems.
This article proposes a structured approach to the design of telecommunication
network topologies based on hierarchical cluster organization, with the goal of
optimizing data flow management and ensuring operational stability under dynamic
conditions.

The suggested model incorporates a three-level architecture—Edge, Fog,
and Cloud—each of which is responsible for distinct layers of data aggregation,
processing, and transmission. Clusters within each layer are structured according
to a star topology, enabling efficient coordination and minimizing the latency
associated with inter-node communication. Central nodes within clusters manage
subordinate nodes and serve as control points for load balancing and fault handling.

Special attention is given to the development of two key algorithms: one for the
adaptive integration of new nodes based on metrics such as geographic proximity,
task type, and cluster load; and another for automated topology reconfiguration in
response to node failures or critical overloads. These algorithms include mechanisms
for real-time monitoring, resource reservation, dynamic reassignment of tasks, and
route optimization.
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The proposed approach ensures enhanced fault tolerance, scalability, and
adaptability of the network infrastructure. It is particularly suited for use in systems
characterized by frequent structural changes and varying computational demands.
The model has broad applicability in next-generation telecommunication systems,
including distributed sensor networks, industrial IoT deployments, and intelligent
infrastructure relying on Edge — Fog — Cloud paradigms.

Keywords: Telecommunication systems, cluster structure, load balancing traffic,
data processing, optimization, distribution of data streams.

1. Introduction

The rapid expansion of smart devices, real-time services, and data-
intensive applications has fundamentally transformed the landscape of modern
telecommunication networks. These changes place increasing demands on network
infrastructures, which must now provide not only high throughput but also
flexibility, low latency, and fault tolerance in highly dynamic environments.

Conventional flat or centralized architectures often struggle to meet these
challenges, particularly in systems where data sources are widely distributed,
such as Internet of Things (IoT) ecosystems [5, 3, 7]. As a result, researchers and
engineers have increasingly turned to hierarchical and decentralized models that
can better align with the spatial and computational diversity of such environments.

Among the various approaches, multi-tier architectures that separate
responsibilities between Edge [4], Fog [6], and Cloud layers have shown considerable
promise. These models aim to balance local responsiveness with centralized
efficiency. However, the design and management of such systems require robust
structural frameworks capable of handling continuous node additions, workload
fluctuations, and unexpected failures.

This paper addresses these challenges by introducing a method for constructing
hierarchical cluster-based topologies. Rather than focusing solely on architectural
design, the study emphasizes adaptive algorithms that enable real-time integration
of new nodes and resilient reconfiguration in the face of faults. The goal is to provide
a practical and scalable solution for distributed telecommunication infrastructures
operating under unpredictable and dynamic conditions.

2. Hierarchical topology of clusters

In dynamic distributed telecommunication systems, a hierarchical network
structure ensures stability, data transmission efficiency, and flexibility to changes.
Localization of data transmission within clusters minimizes inter-cluster delays,
and node redundancy guarantees system fault tolerance. The scalability of this
structure makes it easy to add new nodes and clusters with minimal impact on the
existing topology. At the same time, the hierarchical topology faces a number of
challenges related to dynamic changes, load balancing, and fault tolerance. The
main aspects of these challenges and possible solutions are summarized in Table 1.
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Table 1. Challenges of hierarchical topology

Challenges Solution

Dynamic Adaptation to changes in real time: adding nodes, rebuilding clusters.

changes in the

network

Uneven load Centralized management of master nodes in clusters, automatic task

balancing reassignment.

Fault tolerance Resource reservation, task redirection between nodes, traffic
redistribution.

The proposed structure of the hierarchical cluster topology is based on the
interaction of nodes within and between local clusters, which allows for effective
traffic localization, increased fault tolerance, and flexibility to changes. The main
levels of the hierarchy (Edge, Fog, Cloud) perform specific functions, each of
which optimizes data processing and transmission within its area of responsibility.
Fig. 1 shows a diagram of the hierarchical topology of clusters, which combines
three main components: cluster structure, intercluster and interlevel interaction.

Edge Clusters
Fog Cluster 1 Edge Cluster 1
TP Fog Node 1 | Edge Node 1
Cloud Node 1 l l
l Fog Node 2 |Edgc Node 2 Edge Cluster 1
Cloud Node 2 |
Fog Node 3 Edge Node 3
VXLAN (Filtered Data)
Fog Clusters
Fog Cluster 1 4 Edge Cluster 2
\ ......-GRE (Aggregated Data) By
VXLAN (Ana:\y‘li(s Input) Fog Cluster 2 e Edge Cluster 3
GRE (\lﬁslghts) Geneve (Processed E)ata)""'""r-

»
Fog Cluster 3

Cloud Clustes
PR

Cloud Cluster 1

Geneve (Largers'ca\e Analytics)
4
Cloud Cluster 2

Figure 1. Diagram of the hierarchical topology of clusters
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1. Structure of clusters. Each cluster is organized according to the “star”
principle:

— The master node (centroid) is responsible for traffic management and
coordination of the work of the slave nodes;

— The subordinate nodes perform specific computing tasks, transmitting the
results to the master node.

2. Intercluster interaction:

— Clusters are connected through master nodes that form a star-to-star hierarchy.

— Traffic localization reduces the number of inter-cluster connections, reducing
overhead.

3. Cross-tier interaction.

— Edge clusters process data directly from loT devices, performing filtering and
aggregation.

— Fog clusters perform pre-processing, providing balancing and optimization
before transferring to the Cloud.

— Cloud clusters perform in-depth analysis and storage of large amounts of data.

3. Algorithm for adaptive addition of nodes to the system in the face of
dynamic changes

To ensure the flexibility of the hierarchical topology, it is necessary to create
a mechanism that allows you to effectively integrate new nodes into the existing
system without affecting network performance [1, 2]. The algorithm for adaptive
node addition includes stages.

Stage I. New node detection. When a new node is connected, the system registers
its computing resources (CPU, RAM), power consumption, and communication
channel bandwidth.

Stage II. Cluster compliance assessment. The most optimal cluster for the node
is determined based on the following parameters: — geographical proximity; —
cluster load; — type of tasks performed by the node.

Stage III. Checking the load balance. Before adding a node, the system evaluates
the workload of the cluster head node. If the threshold value is exceeded, a decision
is made to create a new cluster.

Stage IV. Topology update. After a node is added, the matrix of connections
between nodes is updated, and data transmission routes are reconfigured.

V stage. System validation. The correctness of the node integration is checked,
as well as the impact on the overall system performance. The block diagram of the
algorithm is shown in Fig. 2.
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Figure 2. Algorithm for adaptive addition of nodes to the system

4. Algorithm for rebuilding the cluster structure during node failures or
load surges

In case of node failure or a sharp increase in load, the system must adapt its
topology to ensure stable operation [9]. The rebuilding algorithm includes (Fig. 3).
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Stage 1. Monitoring the state of nodes. The master nodes of clusters periodically
check the status of the slave nodes (availability, resources).

Stage II. Identification of a problem situation. One of the critical situations is
recorded: - failure of the master node; - failure of a slave node; - exceeding the
permissible load.

Stage I1I. Reservation or reassignment of nodes. In case of failure of the master
node, its functions are transferred to the backup node, which is automatically
activated.

Stage IV. Redistribution of tasks. Tasks from the overloaded cluster are
distributed among other clusters.

Stage V. Routing update. Routes between nodes are rebuilt to ensure efficient
traffic.

Start

!

Monitor node status

!

Detect issues (failure or overload)

< lssue detected?

Yes No

v v

Reserve or reassign nodes ‘ Continue monitoring

l

Redistribute tasks

!

Update routing

l

End

Figure 3. Algorithm for rebuilding the cluster structure
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Conclusions

This paper presents a comprehensive approach to the design and management
of hierarchical cluster topologies in distributed telecommunication networks,
addressing the pressing need for scalable, adaptive, and fault-tolerant infrastructures
in dynamic environments. The proposed model is based on a three-level architecture
comprising Edge, Fog, and Cloud layers, where each level is responsible for
specific tasks related to data processing, routing, and aggregation, depending on its
proximity to data sources and computational capacity.

The core of the model is the organization of network nodes into clusters
with star topology, which facilitates effective traffic coordination, localizes data
transmission, and enhances fault isolation. The hierarchical structure simplifies
system scalability, allowing seamless integration of new nodes and clusters with
minimal impact on the existing configuration. Furthermore, the interaction between
clusters and across tiers ensures balanced distribution of computational loads and
optimized data flow throughout the network.

To support real-time adaptability, two key algorithms were developed: one for
the adaptive addition of nodes, and another for restructuring the topology in the
event of node failures or traffic surges. These algorithms incorporate mechanisms
such as real-time monitoring, resource reservation, reassignment of roles, and route
optimization, thereby ensuring stable operation under fluctuating workloads and
failure conditions.

The proposed approach is particularly applicable to modern telecommunication
systems, including loT infrastructures, sensor networks, and intelligent control
systems, where performance, reliability, and responsiveness are critical [1, 2, 8].
Future research may focus on the integration of machine learning techniques for
predictive load balancing, energy-aware routing, and autonomous cluster formation
to further enhance system intelligence and self-management capabilities.
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Abstract. This study investigates hydrogen storage intermetallic alloys capable
of reversibly absorbing and releasing hydrogen in the solid state. The focus is
on optimizing the balance between hydrogenation/dehydrogenation kinetics and
storage capacity. The effect of zirconium (Zr) substitution on the phase structure
and functional properties of two base alloys — TisoV2sCrzs and Ti2CrV — is analyzed.
Initially exhibiting a single-phase BCC structure, these alloys develop a dual-phase
structure (BCC + C15 Laves) upon Zr addition. Increasing Zr content enhances
the fraction of the C15 phase, leading to improved kinetics and easier activation at
room temperature, but also to a reduction in maximum hydrogen storage capacity.
The study highlights the importance of phase evolution and structural modifications
in achieving enhanced functional performance of hydrogen storage alloys.

Keywords: hydrogen storage alloys; zirconium; intermetallic compounds;
hydrogenation kinetics; storage capacity, room-temperature activation

1. Introduction

Hydrogen storage is essential for achieving a sustainable energy transition and
for integrating hydrogen as a clean energy carrier. Current research considers four
main storage approaches, each of which has its own advantages and limitations, as
well as its own potential for scaling up.

The most common method is gas compression [ 1, 2], whereby hydrogen is stored
at high pressure (350 — 700 bar) in dedicated tanks. Despite its widespread use,
particularly in transport, this method incurs high energy costs for compression and
poses safety risks due to the high pressure. Additionally, it has limited volumetric
efficiency.

Cryogenic storage involves liquefying hydrogen at extremely low temperatures
(-253°C), which increases its energy density to ~70 g/L. compared to its gaseous

315



Tonchev

form. Significant energy losses from evaporation (up to 1% per day) and high
capital costs for cryogenic tanks and insulation are the main challenges here [3].

Against this background, solid-state storage using metal hydrides and
intermetallic alloys emerges as a promising alternative [4]. It offers high safety
standards, good volumetric efficiency, and the ability to operate at moderate
temperatures and pressures. Of the various approaches to hydrogen storage, solid
hydrides are notable for their high volumetric density, safety, and potential for
reversible operation under moderate conditions. Examples include metallic hydrides
such as LaNis and complex hydrides such as MgH- and NaAlH.. However, these
often suffer from slow kinetics and high dehydrogenation temperatures. Recent
research on high-entropy hydrides (HEH) has revealed new ways to overcome these
limitations, but challenges remain regarding the stability and cost-effectiveness of
the materials.

In this context, the present study aims to analyse the role of zirconium substitution
in the evolution of intermetallic hydrogen storage alloys, emphasising its effects
on phase structure, hydrogenation kinetics, and storage capacity. It traces how the
addition of zirconium contributes to the formation of new crystalline phases, such
as C15 Laves, and how it facilitates activation at room temperature and improves
the functional characteristics of the alloys. The study also presents a systematic
approach to designing multi-element alloys through microstructural engineering,
with the aim of developing robust, efficient, and scalable solutions for solid-state
hydrogen storage.

2. Evolution and features of hydrogen storage alloys

The development of these alloys follows a consistent evolutionary logic, with
each new generation of materials overcoming the limitations of its predecessors.
Figure 1 illustrates the technological advances and milestones in this field.
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Traditional hydrogen-storing alloys of the AB», ABs and ABs types, which were
developed between the 1960s and 1980s, formed the basis for modern designs
of such materials. However, these alloys have limited hydrogen storage capacity
and rapidly degrade in performance under cyclic operation (hydrogen loading and
release). Research into AB2 and ABs type alloys intensified in the late 1970s and
1980s [5, 6].

Ti-Cr-V series alloys represent a significant improvement on previous generations
of hydrogen storage materials, demonstrating better performance at moderate
temperatures and pressures. However, they still suffer from long incubation times
before the first hydrogenation process and the presence of a low-pressure plateau
during the initial absorption of hydrogen. These alloys emerged in the 1980s as
an alternative to rare earth systems, undergoing continuous development and
optimisation throughout the 1990s and 2000s [7].

Ti-Cr-V systems, along with alloys such as TiMnz, remain the focus of intensive
research aimed at enhancing kinetics and cyclic stability. Since 2020, there has
been increased scientific interest and progress in this area [§].

Ti-Cr-V alloys innovate the microstructure by transitioning from a single-phase
body-centred cubic (BCC) structure to a two-phase system including a BCC and a
C15 Laves phase. At higher zirconium content (x = 2.0), an additional Zr-enriched
phase is present. Zirconium substitution occurs in this generation of Ti>Zr,CrV
alloys, which is the subject of the present study [9].

The addition of zirconium resulted in a significant improvement in performance,
expressed by faster initial hydrogenation and substantially reduced incubation time.
However, this requires a trade-off - as the Zr content increases, there is a decrease
in hydrogen storage capacity. The microstructure proves to be a crucial factor for
the absorption efficiency: substitution with Zr leads to the formation of a C15
Laves phase alongside the BCC structure, which facilitates hydrogen diffusion and
shortens the incubation time. For example, the time to reach 90% of the maximum
capacity can be reduced from almost 3000 seconds to only 120 seconds at higher
Zr content [10].

Additionally, nanocrystalline and fine-grained microstructures significantly
accelerate the absorption process. The introduction of zirconium initiated the
development of multi-element alloys (MEA), which are the focus of modern
research. Inthe period 2024 —2025, new alloy systems with improved microstructure
and kinetics are reported [11, 12]. Although systematic studies on zirconium
substitution and microstructural analysis started around 2010, it is the recent years
that have marked significant progress in this direction.

The addition of zirconium resulted in a significant improvement in performance,
expressed by faster initial hydrogenation and substantially reduced incubation time.
However, this requires a trade-off — as the Zr content increases, there is a decrease
in hydrogen storage capacity. The microstructure proves to be a crucial factor for
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the absorption efficiency: substitution with Zr leads to the formation of a C15
Laves phase alongside the BCC structure, which facilitates hydrogen diffusion and
shortens the incubation time. For example, the time to reach 90% of the maximum
capacity can be reduced from almost 3000 seconds to only 120 seconds at higher
Zr content [10].

Additionally, nanocrystalline and fine-grained microstructures significantly
accelerate the absorption process. The introduction of zirconium initiated the
development of multi-element alloys (MEA), which are the focus of modern
research. In the period 2024 —2025, new alloy systems with improved microstructure
and kinetics are reported [11, 12]. Although systematic studies on zirconium
substitution and microstructural analysis started around 2010, it is the recent years
that have marked significant progress in this direction.

Fourth-generation TiMnz-based alloys have been known since the 1970s, but
their active development through the incorporation of zirconium (Zr) to create
multicomponent systems only began after the year 2000 and continues to this day
[13]. These alloys are characterised by a single-phase C14 Laves structure. The
addition of Zr increases the lattice parameters and unit cell volume. This structural
expansion improves the kinetics of hydrogen absorption and desorption, leading to
better practical storage efficiency. The main challenges with these alloys relate to
synthesis complexity, phase composition control, and potential capacity reduction
at high zirconium content.

The latest generation of high-performance alloys for hydrogen storage includes
nanostructured multi-element alloys (MEAs), such as Ti2i1Zr21FeaiNiiz. These alloys
belong to the intermediate-entropy and multi-element class of systems, which are
dominated by the C14 Laves phase and contain a small amount of the BCC phase.
These alloys are characterised by rapid hydrogenation kinetics and the ability to
reversibly store hydrogen at room temperature. They also have coherent nanograin
boundaries that facilitate efficient hydrogen diffusion.

Despite their promising properties, these alloys have two main drawbacks: the
complexity and high cost of synthesis, and the fact that their industrial scalability
has not yet been fully demonstrated.

High-entropy alloys (HEAs) with a nanocrystalline structure exhibit extremely
fast hydrogenation kinetics, reaching 90% saturation in around 100 seconds at room
temperature — approximately five times faster than conventional body-centred cubic
(BCC) alloys [14]. This is due to the high density of grain boundaries and defects
in the nanostructure, which provide multiple diffusion pathways and active sites for
hydrogen nucleation. Further improvements can be achieved by introducing defects
or refining the microstructure using methods such as ball milling, or by adding
catalysts. For instance, TiFe-based alloys treated with transition metals (V, Ni
and Pd) demonstrate a notable decrease in particle size, an increased surface area,
and the formation of new catalytically active centres. This results in accelerated
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hydrogen absorption. Some of these composites reached over 96% saturation in
only 100 seconds [15].

In conclusion, a review of the development of hydrogen storage alloys reveals a
clear evolution from classical ABs and Ti-Cr-V systems to modern, multi-element,
high-entropy alloys with an advanced microstructure. Modern TiMn: alloys
containing Zr, as well as MEA/HEA systems, demonstrate high energy efficiency
during absorption and desorption cycles thanks to their fast kinetics, low activation
energy and excellent cyclic stability.

Optimisation of water-scavenging alloys and the effect of zirconium addition.

The main objective in developing new hydrogen-conserving alloys is to increase
their energy efficiency during absorption and desorption cycles. This includes
accelerating kinetics, reducing activation energy, and ensuring stability during
repeated use.
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Figure 2. Process flow diagram for designing a hydrogen-containing alloy

e

Fig. 2 presents a workflow diagram of the design of such alloys, where each step
is directed towards a specific goal.

The optimisation process begins with the application of semi-empirical criteria,
such as valence electron concentration (VEC), atomic size mismatch (3), and radius
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ratio. The phase stability of the alloys is then predicted using thermodynamic
calculations and the CALPHAD method. Particular attention is paid to the
microstructure, since nanograin structures and interfacial boundaries can greatly
enhance hydrogenation kinetics. The composition of the alloys is tailored to
the specific application by monitoring the effect of replacing titanium (Ti) with
zirconium (Zr) or adding iron (Fe) or nickel (Ni). The enthalpy of mixing (AH
(mix)) is also employed to evaluate thermodynamic stability, particularly for C15
Laves phases that are rich in iron (Fe).

One of the most striking examples of effective optimisation is the addition of
zirconium (Zr) to TisoV2sCrz2s and Ti2CrV alloys. Although these alloys have good
potential, they suffer from slow activation and low initial kinetics, which limits their
application, particularly in transport. Adding Zr creates a second crystalline C15
Laves phase, improving kinetics and facilitating activation at room temperature
[10, 11].

For Tizo+ZrCrV alloys with x = 0.5 — 2.0, significant improvements in
activatability are observed: absorption begins immediately at room temperature
and pressure of around 20 atmospheres. With the lowest Zr content (x = 0.5), a short
incubation period is evident; however, at higher values (x > 1.0), this disappears
completely. This is a significant advantage over the pure Ti>CrV alloy, which
requires preheating to 400 °C for activation [10].

Conversely, a decrease in hydrogen storage capacity is observed as Zr content
increases, from 4.4 wt.% at x = 0 to 2.3 wt.% at x = 2.0. This is due to the larger
atomic mass of zirconium and the lower hydrogen-binding capacity of the C15
phase. A similar trend is observed for Tiso-«V2sCrasZry alloys, where the capacity
initially increases to 2.7 wt% at x = 7, but then decreases to 2.27 wt% at x =9 due
to the dominance of the C15 phase [10].

Furthermore, adding Zr improves desorption kinetics, shortening the time taken
to reach equilibrium upon hydrogen release and increasing the desorption ratio (e.g.
up to 47% for TiasV2sCrasZr7 versus 43% for an alloy without Zr) [10].

In summary, zirconium substitution has been shown to be an effective method of
optimising hydrogen-conserving alloys. While it improves kinetics and facilitates
activation, careful balancing with respect to storage capacity is required. This
highlights the need for a systematic approach to designing new alloys that combines
microstructural control, thermodynamic stability, and functional efficiency.

Conclusion

Zirconium substitution and nanostructuring are emerging as key strategies to
increase efficiency, but they require careful balancing to avoid a significant reduction
in storage capacity. Optimising these parameters in the latest generation of alloys
lays the foundation for developing reliable, safe, and scalable solid-state hydrogen
storage solutions that can meet the demands of energy applications. From here,
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more important conclusions can be drawn Zirconium (Zr) significantly improves
hydrogen storage efficiency by tailoring phase composition, lattice parameters, and
binding energies.

1. Moderate additions of zirconium (Zr) (5 — 15 at%) optimise the kinetics,
thermodynamics, and cycle stability of Zr-modified alloys, making them superior
to conventional systems such as LaNis and TiFe.

2. However, excessive Zr reduces storage capacity, although it remains useful
for applications that prioritise rapid hydrogen cycling over maximum storage.

3. Zirconium alloying influences phase transformations during hydrogen uptake
by stabilising secondary phases (Laves phases/hydrides), accelerating kinetics
through refined microstructures and modulating thermodynamic stability.

4. The TixsVasCrasZrs alloy is an example of optimum zirconia content,
demonstrating rapid hydrogen uptake (230 s) while maintaining cyclic stability.

5. In nuclear alloys, zirconium (Zr) plays a dual role in hydride formation and
o/P phase shifts, highlighting its impact on performance and degradation.
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Abstract. The article presents a comprehensive study on optimizing laser cutting
processes by analyzing the influence of key technological parameters - cutting speed,
laser power, and auxiliary gas pressure -on the accuracy and quality of cuts in C235
steel. The research employs a Design of Experiments (DOE) methodology, specifically
the Extended Central Composition design, to systematically investigate how these
parameters affect geometric precision and the heat-affected zone (HAZ) on both sides
of the laser cut.

The study begins by outlining the fundamentals of laser cutting, emphasizing
the importance of controlling process parameters to achieve high-quality results. It
highlights that while previous research has focused on cut quality, few have addressed
the accuracy of specific geometric shapes. The authors aim to fill this gap by developing
a methodology that minimizes experimental trials while maximizing insight into
parameter effects.

Using a Durma HD-F 4020/4KW fiber laser, the researchers conducted experiments
on 3mm thick C235 steel samples shaped into 10mm squares. Measurements of diagonal
deviations and HAZ widths were taken from both the upper and lower sides of the cuts.
The DEFMOT method, developed by the authors, was used to analyze the differences in
shape accuracy and thermal effects.

Regression models were derived to quantify the relationship between input parameters
and output quality indicators. The results showed that increasing gas pressure and cutting
speed generally led to greater differences in accuracy between the two sides of the cut.
However, the influence of laser power was less consistent. The models demonstrated high
correlation coefficients (R > 0.95), indicating strong predictive capabilities.

The study concludes that a multifactorial approach enables precise control over laser
cutting outcomes. The developed methodology allows for the prediction and optimization
of dimensional accuracy and thermal effects, contributing to more efficient and reliable
laser cutting processes in industrial applications.

Keywords: Technological parameters of laser cutting; DOE; Laser quality
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1. Introduction

In typical melting laser cutting, the laser energy melts the material and the assist
gas jet removes the molten material [1, 2]. Therefore, less laser energy is required
compared to cutting by evaporation [3]. The laser heat is combined with an exo-
thermic chemical reaction with the auxiliary gas and provides the heat required to
melt and evaporate the cut material. A number of fundamental studies have been
carried out in the field of laser cutting [4], in which the quality has been investigat-
ed, without however affecting the accuracy of cutting a particular geometric shape.
Nevertheless, the literature cited defines multi-criteria process parameters related
to cut quality. Higher laser power generally increases the material removal rate,
but can also increase the surface roughness if not properly controlled. It has been
studied in the literature [5] that optimisation of parameters such as laser power,
pulse frequency and cutting speed can minimise surface roughness and improve
cut quality. In order to provide a solution for precision laser cutting of materials,
it is necessary to control the accuracy and quality depending on the technological
parameters. Such an approach provides solutions to achieve complex geometries
with increased requirements. Although individual parameter optimisation would be
required for each new target, geometry or material class, it is desirable to base the
optimisation process on as few experiments as possible to determine the direction
of the search. To search for such a methodology, a central-optimal compositional
design was selected from the DOE with the response surface.

In fact, different types of laser systems already exist, including gas-assisted
systems. Such systems offer many advantages, including high quality output. The
selection of the most suitable process parameters becomes an important practical
task to improve both the quality of the product and the productivity of laser cutting.
Identification of individual control factors on geometrical and other parameters of
the cut material is precisely the solution of the productivity problem as a compro-
mise of a modern technological solution [6].

Design of Experiments (DOE) is a systematic method that has been applied to
many optimisation problems. The Response Surface Method (RSM) [7].

The objective of the study is to compose a knowledge-based approach using
specified parameters from the DOE of the laser cutting process to achieve the de-
sired results in terms of a set of quality parameters. The approach demonstrates
how controlling parametric combinations of cutting speed, auxiliary gas pressure,
power and frequency leads to better surface quality of laser cut samples. The qual-
ity of the resulting cut is determined by pre-selected quality indicators such as
geometric accuracy, cutting slope and temperature shock width. To achieve the ob-
jective, an experimental parametric analysis plan, Extended Central Composition
(by Roland A. Fisher), is applied to laser-cut billets of elementary geometric shape
of C235 steel. On the basis of the conducted experiment and the results of the study,
a generalised methodology is created using the author’s DEFMOT approach [8, 9].

325



Hristov, Georgiev

With the help of the methodology it is necessary to analyse the deviation of quality
parameters depending on the design of technological modes.

2. Problem statement and research and measurement methods.

In this section, first of all, the problem of the objective of the study - optimisation
of laser cutting parameters in order to minimise the error in the slope accuracy in
the dimensions and the width of the temperature zone of the cut - is defined, and the
factors and levels of the input control parameters are identified.

The main factors influencing the quality of the cut in laser cutting are

— Cutting speed (S).

— Laser power (P).

— Auxiliary gas pressure (G).

The problem statement involves creating a 3D model of a sample, a square with
a side size of 10 mm, in CAD software. This CAD model was then converted into
a DXF file and fed into the laser cutting machine, Fig. 1.

Figure 1. Significance of the modified ideal quadrant for different combinations
of process factors compared to the CAD model

The equipment used is a Durma HD-F 4020/4KW fibre laser with a 3mm thick
cut sheet. The object of study is the most widely used rolled steel C235. Its chemical
composition is given in Table 1.

Table 1. Chemical composition of C235 steel
C Si Mn Ni S P Cr N Cu

<0,22 |<0,05 |=<0,60 |<0,30 |=<0,040 |<0,040 |[=<0,30 <0,012 <0,30

326



Multiparametric Study of Cutting Accuracy in Laser Cutting by Controlling...

The laser head has an integrated sensor system that monitors the cutting process
and provides relevant information to the operator. In this way, it is possible to
carry out the technological modes required to achieve the objectives of the study.
The control modes of the experiments are changed according to the combinations
indicated in Table 2, carefully for each different line of the plan. After the cutting
process, the square specimens are removed from the sheet frame and the results of
the diagonals on both sides described in Table 2 are obtained on the basis of the
measurements for each combination on both sides of the contact surface. All values
given in Table 2 are quantitative numerical measurements calculated on a pixel

basis.

Table 2. Influence of different combinations of input process parameters
on the investigated output parameters measured on both sides of the cut

Ne

upper |V,m/min| P,W p, bar dl, dl, HAZ | sr

side |
1 2400 1700 11,130 15,741 15,680 0,370
2 3000 1700 | 11,172 15,741 15,860 0,365
3 2400 2500 | 11,215 15,920 15,890 0,391
4 3000 2500 | 11,172 15,860 15,890 0,391
5 2400 1700 | 11,172 15,861 15,771 0,391
6 3000 1700 11,130 15,861 15,771 0,339
7 2400 2500 | 11,172 15,861 15,800 0,391
8 3000 2500 | 11,257 15,891 15,981 0,360
9 3000 2100 | 11,257 15,860 15,861 0,344
10 2400 2100 | 11,215 15,890 15,890 0,397
11 2700 2500 | 11,215 15,950 15,890 0,391
12 2700 1700 | 11,172 15,920 15,771 0,391
13 2700 2100 | 11,299 15,980 15,950 0,365
14 2700 2100 | 11,299 15,980 15,920 0,365

]

dcr;lv-vn vmm/ | p, bar dil dil HAZ Il sr

side Il min ! ’
1 2400 1700 |11,046 15,741 15,892 0,571
2 3000 1700 |11,088 15,651 15,920 0,608
3 2400 2500 | 11,215 15,890 16,011 0,656
4 3000 2500 | 11,172 15,771 15,981 0,693
5 2400 1700 |11,088 15,651 15,801 0,603
6 3000 1700 | 11,046 15,621 15,801 0,651
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7 2400 2500 11,130 15,801 15,861 0,656
8 3000 2500 11,215 15,950 15,863 0,682
9 3000 2100 11,172 15,771 15,981 0,667
10 2400 2100 11,215 15,831 15,980 0,608
11 2700 2500 11,299 15,950 16,040 0,672
12 2700 1700 11,130 15,741 15,920 0,640
13 2700 2100 11,130 15,741 16,010 0,698
14 2700 2100 11,299 15,860 16,100 0,677

From the measured diagonals, the difference in shape accuracy on both sides
of the cut is determined using a DEFMOT method developed by the author. The
details of determining the accuracy difference itself are defined by the algorithm
shown in Figure 2. This algorithm determines the influence of individual process
input factors on the accuracy difference.

3. Analysis of Results and Conclusions

Reliable design is a practical and rational method for optimising product qualities
that are minimally sensitive to various causes. For this reason, an experiment was
set up to study the combinations for the difference in accuracy on both sides of
the cut that determine the best quality. The highly parametric influence of process
parameters on the HAZ was evaluated. Since the laser beam speed and power and
the cutting gas pressure were assumed to be the key parameters, regression models
were derived for A - the difference in accuracy based on the algorithm shown in Fig.
2 and AHAZ — the difference in temperature influence zones on both sides of the cut
with respect to these parameters.

To derive the regression models, the cutting process was repeated continuously
for 9 modes with different control setting factors (those in Table 2). The difference
between the upper and lower gauge dimensions and the dimensional error (A) are
determined in the algorithm (Fig. 2). The derived polynomial models are of second
order based on standard methodology [10]. All regression models have the form (1)
and are derived for coded units:

(1) y(h) = bo + Eioy byx+ BT XS L by + Eis byx] + €
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Setting the ideal CAD model — a cut square with
side ¢ = 10 mm and diagonals d; = d» = 14,142 mm

Conducting experiments varying the technological
parameters to establish the relative accuracy in the
difference in dimensions on both sides of the cut made

Measurement of the two real diagonals ¢ and d: to
determine the two deviations from the accuracy of each
of the diagonals for each of the sides marked with J and 17

dl, —14.142 dl, —14.142
RI, 4142 W 114142 W
dll, -14142 dil, —14.142
RII, 14142 W 114142 T W
v
Determine the relative deviation from shape accuracy for each side
ART = RIL + RI, -100%. ARIT = RIL, + RIT, -100%
v

Determine the difference in accuracy
and derive a regression model for it
L
Analyze the influence of the studied parameters on the
difference in accuracy from the shape of the CAD model

Figure 2

where b are the coefficients of the regression model, xi, Xj are the different control
factors, 1 is the total number of control factors, y is the response and ¢ is the error.
When the data in Table 2 were processed, the following coefficients of model
(1) were obtained and it took the following form for the two criteria under study.
A — the difference in accuracy on both sides of the cut
()
A= —0.105769 + 0.159%, — 0.141X, + 0.352X, — 0.04375%, X, — 0.00375%, X, —
0.108462 X7 — 0.173750 X, X, + 0.306538 X3

The multiple correlation coefficient was R =0.9533, and the calculated Fisher’s
F criterion of 6.2289 was greater than the tabulated one of 4.8183, (0.05, 8, 5).

A HAZ — the difference between the temperature influence areas on both sides
of the section
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3)
AHAZ = 0294625 + 0.0348 X, + 0.0218X, + 0.0121 X, — 0.0276251 X} — 0.006X, X, +
0.00975 X, X, — 0.029625 X} — 0.0075 X, X, + 0.027875 X}

The coefficient of multiple correlation was R=0.9736 and the calculated Fisher’s
F criterion of 8.0949 was greater than the tabulated one of 5.9988, (0.05, 9, 4).

Immediately below the models are the results of their tests, at a selected
significance level of 0.05, indicating that the statistical error is 5%.

Model (2) Model (3)
Figure 3. Graphical interpretation of the criteria studied using the illustration
given in [9]

The images shown in Fig. 3 were generated using the author’s DEFMOT anal-
ysis and optimisation system. This system allows automatic recalculation of the
corresponding criterion depending on the control parameters. These calculations
are shown graphically in Fig. 4 and Fig. 5.
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Relative difference in accuracy
between the two sides of the cut

20

12

Regimes

Figure 4. Variation, calculated as a percentage, of A, the difference in accuracy
between the two sides of the cut, obtained for the regimes listed in Tab. 3.

Table 3. Regimes determining the parametric influence
on the accuracy difference

Regimes
1 2 3 4 5 6 7 8 9 10 11
% 0 10,5 12,69 |20,35 |24,85 |30,4 |31,16 |49,31 |50,79 |82,84 | 100

V, mm/
min
P, W 1700 |2500 |2100 |1700 |2500 [2100 (2100 |1700 |2500 |2100 |1700
p,bar [0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.6 0.6 0.6 0.6

2400 {2400 [2400 |2700 |2700 |2700 {2700 |2700 {3000 |[3000 |3000

From Fig. 4 and Table 3, it can be seen that the accuracy difference increases
with increasing gas velocity and pressure, and in terms of power, the nature of its
variation is unidentified and inconsistent.
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Relative difference in heat affected zone
between the two sides of the cut

0 2 4 6 8 10 12 14
Regimes

Figure 5. Variation, calculated as a percentage, of A HAZ, the difference
of the heat affected zones on the two sides of the cut, obtained for the regimes
listed in Table 4

Table 4. Regimes determining the parametric influence on the difference
of the heat affected zones on both sides of the cut
Regimes

1 2 3 4 5 6 7 8 9 10 11 12 13
% |0 10,47 121,45 |44,16 |45,16149,91/67,35|71,19 76,16 77,95 | 87,22 |89,68 | 100
\Z
mm/ |2400 |2400 |2400 |2400 |3000 (2400 {2700 |3000 {2700 |3000 |3000 [2700 |3000
min
P, W|[1700 [1700 [1700 [2500 |1700 [2500 |2100 |[2500 |2100 [1700 [2500 |2100 [1700

E’ar 05 (04 |06 |06 |04 |04 |05 |04 |04 |06 |06 |06 |06

From Table 4 it can be seen that no direct correlation can be made between the
parameters studied. The model (3) can be used for a specific shape for the steel and
thickness studied.

Conclusions

In a planned multifactorial and two-criteria experiment, the influence of the
three main technological parameters on the accuracy of the cut contour, measured
simultaneously on both sides of the cut, was determined. The steel studied was C235
with a thickness of 3 mm. The study clarified how, by controlling the parametric
combinations (such as cutting speed and power, and auxiliary gas pressure), it is
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possible to predict a better quality in terms of accuracy of laser cut specimens, when
both sides of the laser cut are controlled simultaneously. The effects of selected
process parameters of the considered process on pre-selected quality indicators
were evaluated, and a methodology to optimise the dimensional accuracy on two
targets by minimising a function, i.e. the dimensional error, was proposed.

It was found that increasing the gas velocity and pressure increases the relative
accuracy difference on both sides of the cut. It was found that there was not a
complete correlation between the selected process factors and AHAZ, the difference
in temperature influence zones on both sides of the cut.
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Abstract. In the article general information for a brief overview of the problem
status is given. Main principles of operation of caisson foundations and peculiarities
in the design of deep foundations and in particular foundations with caissons are
shown. Study of the stability of caisson foundations is one of the main tasks in their
design. The article discusses the most significant problems related to the sizing,
calculation and relevant inspections of these engineering facilities. A check of the
bearing capacity of the ground, in specific engineering and geological conditions and
loading from the superstructure are carried out. Technical measures in preparing the
bottom of water basins for placing caissons, including materials used, specialized
mechanization and process technology, ensuring the stability of the bottom of
water basins are given. Special measures and regulations for the construction of the
caisson, guaranteeing its stability are required. Features of transporting and laying
caissons in open waters. Inspections of the deep foundations described in working
and transport conditions. Computational checks and computational methods
in accordance with Eurocode 7. Geotechnical. design. Part 1: Basic rules. BDS.
EN 1997-1 [1, 2] are used. When solving problems related to the design of deep
foundations / caissons /, the methods of Brinch - Hansen, Yanbu, Krey — Bishop etc.
are presented in this article. The material is illustrated with an example and solution
to a specific engineering problem. Based on the research, relevant conclusions and
recommendations have been made.

Keywords: deep foundations; caisson foundations; stability check

1. Introduction

Caissons are used in underwater construction. Some of them are used to
providing a working space when performing deep foundations. Excavation of the
soil in the area in the working chamber was carried out by workers in the past. Today,
excavation work is increasingly done mainly by machines with very little human
presence. When performing this type of excavation work, it is necessary to protect
the workers in the chamber from prolonged stay in it. To equalize the pressure in the
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circulatory system of people when working at depth at a higher pressure with the
atmospheric pressure that is on the surface, pressure chambers are used. The danger
lies in not getting the so-called caisson disease, which is not allowed in the current
state of science and technology. Another type of caisson is of the “floating” type [3,
4, 5]. They are used for the implementation of foundation and enclosing structures
performed underwater. Caissons are calculated for construction and operational
conditions. It is necessary to specify the weight at which the caisson will float and
the weight at which it will sink and assume its design (project) position Some of
principles are shown in [6, 7, 8].

2. Existing conditions

The soils on site have been investigated to a depth of 33.10m. The terrain
elevation is 2.22m. At a depth of -8.58m from the terrain (10.80m) height, there is
a compacted blasted rock mass with bulk density in the natural condition yn =18,5
kN/m?, ¢=40°, cohesion ¢=0 kN/m?, unit weight underwater y’ =11,0 kN/m?. The
rock pieces are sized from 0 to 200mm. At a depth of -8.58 m from the terrain
(10.80 m) there is the same compacted blasted rock mass with dimensions of 0 to
200 mm.

The layer below to an elevation of -13.48 m (with a thickness of 4.90 m) is
medium-sized silty sand, with small gravel and shells with the following indicators:
yn =22.1 kN/m?, angle of internal friction =24.4°, c=0 kN/m?, y* =12.1 kN/m°.
Under this layer we have a clayey layer with shells, and with a thickness of (1.7 m),
yn =18.5 kKN/m?, ¢=16.6°, c=16.4 kN/m>.

Below it to a depth of -28.58 m and a thickness of 13.40 m lies swelling clay
with limestone grains with small gravel with a conditional calculated soil load
g, =300 kN/m?. Under them there is a 1.5 m thick sandy clay with interlayers of
sand with shells. And coarse clay sand with shells and gravel with a thickness of 0.8
m. The last studied layer is powder clay with yn =18.1 kN/m?, ¢=17.4°, c=16.9 kN/
m?, E =261 kg/cm’. Fig. 1 shows the location of the layers and their thicknesses,
and physical and mechanical characteristics.
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Figure 1. Location of the layers with thicknesses,
physico-mechanical characteristics and load from the caisson

3. Technical measures for preparing the bottom of the water basins for
placing caissons

The caisson is laid on two new layers with a thickness of 2.50 m. The first lower
layer is made of blasted rock mass with the following physical and mechanical
characteristics: y’=11.0 kN/m?, 9=40°, c=0 kN/m?. This layer is laid on a previously
prepared and aligned / dredged / base from the existing layer at the elevation of
-19.28 m. At the depth of 21.40 m, the main layer is prepared, which is existing,
swelling clay with limestone grains and with small gravel with a conditional
calculated soil load q,,=300 kN/m?, unit weight in the natural condition yn =18.6
kN/m?, angle of internal friction ¢=13.4°, cohesion c=21.4 kN/m?, filtration speed
vs =425 m/s. The upper layer on which the caisson is placed has: y’ =12.0 kN/m?,
¢=45°, c=0 kN/m? and a weight of the stone pieces of 5 — 100 kg.

The two sub-layers of blasted rock mass are plased successively and then are
compacted. Compaction can be done with vibrating plates. After compaction the
rock mass embankment should be raised in accordance with the expected settlement
of the caisson. After compaction, an excavator equipped with GPS sensors can be
used for more precisely align the base of the footing. Divers can also be used for
alignment, and they can inspect and assess the condition of the embankment on site.

To ensure the stability of the filled material, it is good to lay the blasted rock
mass in a trench dug in advance for this purpose.
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4. Safety checks when the caisson interacts with the earth’s foundation

The caisson subject of the article is of the floating type. The caisson used for the
expansion of the port of Burgas in Bulgaria has a prismatic shape. Its dimensions
are 14.50 m wide, 14.00 m high and 60 m long. The reinforced concrete bottom
plate and walls are reinforced and concreted in advance under special conditions.
The reinforced concrete walls are executed up to about 6.00 m high. After which
the walls are completed. The caisson is filled with water during construction and
during its transportation to the project site. After its installation and consolidation,
it is filled with sand.

The conditions of the caisson was investigated. The water level is at an elevation
of -0.28 m and the caisson is completely below this level.

The load from the caisson has been calculated. A trapezoidal load with ¢
=540.0 kN/m? and 6. =197.0 kN/m* has been obtained. For the calculations, the
load has been averaged and assumed to be uniformly distributed with a value of
369.0 kN/m?.

4.1. The check for the bearing capacity of the soil under foundation (Fig. 2)

This check was carried out according to Brinch Hansen and with Eurocode 7,
Geotechnical. design. Part 1: Basic rules. EN 1997-1 [1]. It is done for 1 m in
a perpendicular direction. Design value vertical loads Nd /Design value bearing
capacity Resistance Rd is equal to 0.16. The check is fulfilled.

The solutions for the caisson were made with the DC Foundation computer
program and its different modules DC Slope, DC Bearing, DC Settlement, DC
Cantilever [9].
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Figure 2. Bearing capacity of the soil base

4.2. Slope stability checks

First a check was made if a layer with a smaller angle of internal friction p=40°
under the caisson is placed. The stability of the caisson in this case is slightly above
unity, which indicates that it is unstable. Factor of safety is 1.03 > 1.0. According to
this check, it was decided that a layer with larger sizes of rock pieces and an internal
friction angle of =45° should be placed under the caisson (Fig.3).

The caisson was checked in a state before backfilling on one side. In the
operational state on the one side, the space next to the caisson is filled with blasted
rock mass with the characteristics of the layer on which the caisson lays. After
the calculations made according to Cray Bishop, a stable state of the caisson was
obtained with a safety factor of 0.97 < 1.0.

After filling with a fraction of blasted rock mass with an angle of internal
friction ¢ = 45° and stone fragments with a size of 5 to 100kg. The caisson has been
checked for stability according to Krey — Bishop and acc.: DIN 1054:2005 EN [10].
According to this standard the Partial safety factors are given in Tabl.1.
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Table 1. Partial safety factors (GEO) for LS 1C
s G Q W E ® c cu R,a |R,c
Load comb. 1 1.00 1.30 1.00 1.00 1.25 1.25 1.25 |1.10 [1.40
Load comb. 2 1.00 1.20 1.00 1.00 1.15 1.15 1.15 |1.10 [1.30
Load comb. 3 1.00 1.00 1.00 1.00 1.10 1.10 1.10 |1.10 [1.20
Load comb. 2/3 |1.00 1.10 1.00 1.00 1.13 1.13 1.13 |1.10 [1.25

The dates are: Raster with x from -7.90 m to 8.50 m, z from 22.60 m to 30.40
delta x = 5.00 m, delta z=5.00 m,

with radius from R = 16.00 m to 31.00 m, delta R = 1.00 m; Load case k (Type: Lc 2)
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4500 . I
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+ o+
2600 P I—
+ - . 215
2000 = T T T k2150
4
1500 59,00 kim | ¢ ¢ =450
i = 00 kMM
1000 ‘ | PrY,= 18.519.0 kNim?
500 AR F . = 500
=N ,2 I, 250
000 R - gy =480
i, - he = 2owume
500 ~—— o g, 18519.0 khm?
_ |
40 L 53
1000 e =w0 T %
e e
15.00 I} =
2000 000 2000 4000 69,00
| .
12.3 khim
JrY,= 188188 KN
edp 381
¢ =31
< 0.0 K
514 270 500 2480 3130 7180
4500 -
4000 -
3500 -
3000 -| (10 23,27 60)
R = 26 (dm 2760
2600 EJR: = 087 <10
2000 - = i e
e . - T 48
1500 369,00 ki [ ¢ e
1000 | X © = 00k
1 % h= 1BSN9.0 K
500 R R R 3
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c = 20K
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a0
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1500 - = 185165 Kiim?
2000 .00 2000 40.00 60.00

Figure 3. Slope stability check (Deep sliding check)
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1. slope

Fail.plane from x =-1.89 t0 -0.91 m

Fail.circleex M=10.23 m,zM =27.60 m, R=26.00 m

2. slope

Fail.plane from x = 3.44 to 35.50 m

Fail.circleex M=10.23 m,zM =27.60 m, R=26.00 m
**%%% Section by a building

Loads Ed=0.43 kN

Resistances Rd =0.50 kN Ed/Rd = 0.87 < 1.0, see Fig. 3.

Calculation according to British Standard EN 1997-1 — Design Approach 1

Combination 1 and 2 gives the security factor of 0.91 < 1. It is being shown in Fig. 4.

For Combination 1 with partial safety factors of groups Al “+” M1 “+” R1
For Combination 2 with partial safety factors of groups A2 “+” M2 “+” R1 are

used.
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Figure 4. Slope stability check BS DA
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Figure 5. Check in operation conditions

4.3. Cantilever check (Fig.5)

The caisson was checked in working conditions. During its operation, the
condition of the caisson approaches to the working of a supporting strengthening
structure. At this stage, the caisson is placed in the project position.

It is filled with sand and its weight is determined, after that earth pressure
diagrams were obtained. The decision was made according to Eurocode 7 BS 1997-
1 [11], Design Approach 1 and combination 1 and 2 and their corresponding safety
factors (Table 2). The water acts on the entire height of the caisson. It is completely
submerged under water.

After the calculations Static equilibrium is fulfilled, sliding resistance is fulfilled
0.47 < 1.0. Bearing capacity is ok — Nd/Rd = 0.86 < 1.0. All checks of the reinforced
concrete have been completed. All verifications are fulfilled.

Table 2. Partial safety factors for section forces (STR), for safety against sliding
(GEO), for bearing capacity (GEO), for slope stability (GEO)

Y G (EO0g| W L |[EOI| Q |Qv | EP [Wg | o c |Rh|Ryv
Comb.
1 1.35 [1.35|1.35|1.35 |1.35|1.50 |1.50 {1.00 |1.00 |1.00|1.00|1.00 |1.00
Comb.
2 1.00 {1.00 |1.00 {1.00 {1.00 |1.30 [1.30 {1.00 |1.00 {1.25]1.25|1.00 |1.00
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Conclusion

The calculation of caissons is very responsible and complex engineering
work. The specific existing conditions at the bottom of the water basin must be
considered during the design. According to these conditions and the careful work of
the engineers, numerous checks, acceptances and decisions are carried out, which
leads to the design of a stable and long-lasting facility.

From the calculations according to different European standards, several
conclusions can be drawn.

When we use European standards, multiple solutions are obtained, corresponding
to the accepted combinations and different partial safety factors.

It is good for complex and responsible facilities to carry out calculations
according to more than one European standard, to cover all possible combinations
of coefficients and ensure the necessary stability of the facilities during their
operation.
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